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REGENERATION AND VEGETATIVE 
PROPAGATION. II? 


CHARLES F. SWINGLE ? 


Since the appearance of the original review on this subject 
(Swingle, 1940), much work has been reported on some aspects of 
regeneration, a surprisingly small amount on other phases. The 
remarkable expansion of research on growth substances, empha- 
sized in the original review, has continued, but the reader will find 
little mention of general growth substance work in the following, 
and should look to some of the numerous reviews on the subject 
(e.g., Avery and Johnson, 1947; Mitchell and Marth, 1947; Skoog, 
1947). 


INVESTIGATIONS ON REGENERATION NOT INVOLVING 
APPLICATION OF GROWTH SUBSTANCES 


Anatomical and Physiological Studies 


A survey of the literature shows comparatively little attention 
given to anatomical and physiological studies on regeneration, apart 
from those involving application of growth substances. Siegler 
and Bowman (1939) studied the anatomical structure of one-year 
apple roots, finding that both root and shoot primordia originated 
in ray parenchyma cells in a line with the cambium or in near 
derivatives of cambial cells. Natividade (1940) made an extensive 
study of the peculiar latent aerial roots of the olive, finding that 
the excrescences on the trunk (ovuli) contained both buds and 
root initials, the latter growing out under proper conditions into 
cord-like aerial roots which in time came to replace completely the 
original true roots. 

The generally considered “ upside down” Michurinian genetics 
of the Russians (Zirkle, 1949) might be referred to at this point: 
“ Grafting may be either a mutual interaction of stock and scion, 


1 Supplement to article in The Botanical Review 6: 301-355. 1940. 
2805 North Fifth Ave., Sturgeon Bay, Wis. 
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or the true vegetative (asexual) hybridization. In graft hybridiza- 
tion the only material connection between the fruits of the scion 
and the stock is the xylem sap. In this fluid the substances pos- 
sessing heritable properties are dissolved, and when they reach the 
sporogenous tissues of the scion, they act as nutrients being as- 
similated to form a new compound characterized by a new develop- 
mental cycle”. For other hard-to-accept Russian work, see 
Avakian and Jestreb (1941) on hybridization by grafting, Plot- 
nikov (1939-1939a) and Monakima and Solovey (1939) on graft- 
ing of monocots. 

Along these same unorthodox and generally not-accepted lines, 
the French have continued their studies on the inheritance of ac- 
quired qualities through grafting (the Daniel school). For recent 
example, see Popesco (1949) on Phaseolus and Sophora. 


Tissue Cultures 


Work with tissue cultures has continued at rapid pace, and many 
papers have been reported in this field, especially as regards organ 
cultures. The numerous papers and reviews of White, especially 
of 1943, 1945 and 1946, should be consulted. Most of these deal 
with refinements and extensions of his studies on indefinitely main- 
taining root and callus tissues, with or without differentiation. 
In 1945 he reported formation of typical crown-gall tumors, but at 
a considerable distance from the primary implant and bacteria-free, 
thus placing them “ in a category comparable to cancerous growths 
in animals”. De Ropp (1947) and Skoog and Tsui (1948) 
worked along similar lines. Whaley, Rabideau and Moore (1950), 
to name but one group, followed White’s work with excised roots 
of the tomato and other higher plants. Many others have extended 
White’s studies along slightly different lines, and several workers 
are now receiving important grants from cancer funds for plant 
research because of the general relationships found to exist be- 
tween animal cancer and plant gall cultures. 

Gautheret (1943), Guttenberg (1943) and Nobecourt (1943) 
cultured single cells from various sources among the higher plants, 
obtaining elongation but not cell division. One of the outstanding 
points in tissue culture work is that apparently no one has yet 
succeeded in obtaining cell increase from single cell cultures of 
the higher plants. 
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Work with embryo culture has been reported by several workers. 
Coconut milk was found by Van Overbeek, Conklin and Blakeslee 
(1942) to contain some substance necessary for Datura embryos. 
Smith (1944) successfully cultivated tomato embryos, and Hall 
(1948) embryos of Solanum nigrum. 


Wound Hormones 


During the past ten years not a single instance of using naturally 
occurring wound-hormones along the lines of Haberlandt (1921) 
or Bonner and English (1938) has been brought to the attention 
of this reviewer. 


Practical Propagation Experiments 


GRAFTING. During the past ten years a veritable mountain of 
data has been accumulated on practical aspects of plant propaga- 
tion. One of the most prolific phases of this has concerned the 
always intriguing subject of grafting techniques, affinities and re- 
ciprocal influences. Several extensive reviews on the subject of 
grafting have appeared, including especially that of Roberts 
(1949). On the matter of routine grafting methods, many of the 
States and national departments of agriculture have issued good 
publications (Ellenwood, Fowler and Greene, 1942; Cardinel and 
Hewetson, 1943; Hansen and Eggers, 1946). Numerous special 
methods of grafting have been described, many dealing with tropi- 
cal and subtropical plants, including those of Rusch (1939) on a 
method of budding Hevea; Saunders (1941) on a method for 
grafting Cola; Varma (1941) on a special method of grafting 
mango; Webster (1942) on a method for top-working Aleurites 
montana; Richards (1943) on grafting sapodilla; Pound (1943) 
on grafting and budding cacao; and Harmon and Snyder (1948) 
on a greenwood grafting method for grapes. Siegler and Bowman 
(1940) described a piece-root method of grafting cherries; Mirov 
(1940) methods of grafting pines; Garner (1944) methods of 
combining incompatible quince and pear varieties; Brown (1946) 
a method for top-working pear trees to avoid stony-pit losses ; and 
Sagaidak (1948) a method for grafting herbaceous plants. 

The literature of stock effects on apple is voluminous. In Eng- 
land, Canada and the United States especially, a great deal of work 
has been done, testing the various Malling rootstocks and some of 
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the American types. No attempt will be made here to summarize 
or even list these specialized contributions to our horticultural 
knowledge. The various reports of the East Malling Research 
Station (e.g., Grubb, 1939; Beakbane, 1941) and of the various 
American workers in the Proceedings of the American Society for 
Horticultural Science (e.g., Maney, 1941; Yerkes and Aldrich, 
1946) should be carefully studied by those especially interested in 
the apple rootstock question. Perhaps as good a summary as pos- 
sible of much of this work, and certainly the shortest, is given by 
Sudds (1946): the title of his paper “ Can apple trees on clonal 
rootstocks be recommended for commercial orchards .. .”’? The 
answer—"“ No”. This is surprising to many workers because it 
certainly seems reasonable that clonal stocks should be more uni- 
form than seedlings; but the consensus of the conclusions drawn 
from many experiments is that for standard size trees, clonal stocks 
can not generally be recommended for the apple grower. Of 
course for producing dwarf trees, it is well established that Malling 
Type 9 and other apple stocks have special characters which 
recommend them for certain uses. 

The inconsistent incompatibility of the apple clone “ Spy 227” 
which baffled the reviewer for several years, has been reported on 
in detail by several workers (Shaw and Southwick, 1944; Gardner, 
Marth and Magness, 1946; Weeks, 1948). Apparently what is 
involved here is a special case of virus infection. Scions from 
certain sources carry a principle that is highly toxic to Spy 227 
roots, and to no others. Apparently the toxic principle can multi- 
ply in the host plant and may be carried in a large number of 
varieties and strains, showing up only when these are grafted to 
this one clone. 

Incompatibility far more widespread but somewhat similar to 
that of the Spy 227 clone, and likewise involving a virus, seems to 
be responsible for the very important and highly destructive tris- 
teza of citrus. This disease, first clearly reported as such by 
Webber (1943), apparently manifests itself only when a sour 
orange stock is grafted to sweet orange or some of the other com- 
mon edible citrus varieties. The action is without usual virus or 
pathological symptoms and becomes evident only by starvation of 
the stock. Apparently this disease has been present in South 
Africa so long that that country has never been able to grow 
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oranges on sour orange stocks. During the past decade it has 
spread through most of South America and wiped out all planta- 
tions grafted on sour orange roots; and apparently tristeza has 
reached California recently where perhaps different soils or a dif- 
ferent insect vector have shown their “ quick decline ” to be slightly 
different from South American tristeza. Certainly we have here 
one of the most destructive plant diseases known in the world, 
about which surprisingly little has been learned. The solution 
seems to be to discard sour orange as a stock and replace it with 
others which are not subject to this disease, hoping to find other 
stocks satisfactory for those soil conditions where previously only 
sour orange was indicated. 

Incompatibility, more or less delayed, has been described for 
peach and plum by McClintock (1948), for peach by Bregger 
(1948), for oak by Armstrong and Brison (1949) and for grapes 
by Jacobs (1942). 

A tremendous mass of other horticultural literature has accumu- 
lated bearing on the effects of rootstccks on the tops. Sinclair and 
Bartholomew (1944), as had Richards (1940), found the root- 
stocks of importance in the composition of oranges and grapefruit ; 
Halma (1947) compared the general vigor, hardiness and produc- 
tivity of lemons on own roots, on grapefruit and on sweet orange 
roots; Haas (1948) studied the mineral content in various citrus 
flowers as determined by the rootstocks; Lapin (1948) reported 
on the effect of the trifoliate orange as a stock for Citrus grandis ; 
Marloth (1949) compared sweet orange and rough lemon as root- 
stocks; and Smith, Reuther and Specht (1949) studied the influ- 
ence of the root on the mineral composition of Valencia orange 
leaves. 

Schroeder (1947) found that with persimmon more flowers 
were produced with a rootstock of lotus, but more fruits set on 
kaki; Kasranenko (1949) reported the rootstocks important in 
determining the cold resistance of cherry, and Filewicz and Mod- 
libowaka (1941) the converse with apples—that the scions had a 
marked effect on determining the cold hardiness of the roots. 
Snyder and Harmon (1948) reported differences among grape 
rootstocks; Clarke and Anthony (1946) compared mazzard and 
mahaleb, and Joley (1942) Prunus sargenti as stocks for cultivated 
cherries; Havis, Marth and Gardner (1946) studied seedlings of 
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peach varieties as rootstocks; Lagasse, Potter and Blackmon 
(1948), and Neff, Drosdorf and Sharpe (1948) studied rootstock 
effects on tung; Dawson (1941) studied accumulation of nicotine 
and anabasine in tomato and tobacco reciprocal grafts; Day and 
Tufts (1944) reported on nematode-resistant stocks for various 
fri:it trees; Hayward and Long (1942), the resistance of peach 
growing in high chloride and sulfate solutions as affected by root- 
stock. Whitehouse and Joley (1948) studied the growth of Per- 
sian walnuts on Pterocarya; Hansen (1948) recommended that 
almond be used as a rootstock for prunes and plums where the soil 
has excessive amounts of boron; Day (1947) found the rootstock 
important in determining susceptibility of plums to bacterial can- 
ker; Korshunov (1941) reported on the use of Sorbus as an 
understock for pears. 


’ 


PROPAGATION BY CUTTINGS AND LAYERS. One of the few “ new’ 
techniques of the past decade was the announcement by Stoute- 
myer, Close and O’Rourke (1945) on the use of fluorescent lamps 
without sunlight for propagation of greenwood cuttings. These 
authors published several papers on this system, and it has been 
tried by many workers throughout the United States with fairly 
satisfactory results. Apparently, however, it is not the answer to 
all propagation problems, for Chadwick (1949a) reported difficulty 
in supplying sufficient light evenly to all parts of the rooting bench. 

Other practical reports on media and general rooting technique 
include Chadwick (1949), and Laurie and Stillings (1949) on 
common greenhouse plants; Gossard (1941) on rooting pecan 
wood by layering; Sinha and Vyvyan (1943) and Garner (1944) 
on layer and hardwood cutting propagation of pome and stone 
fruits; Smith (1944) on rooting of guayule (Parthenium) ; Julien 
(1945) on propagation of breadfruit by root cuttings; Isbell 
(1946) and others on a practical method for plant breeders to 
propagate cabbage by leaf cuttings; Guiscafre-Arrillaga (1946) 
on rooting of coffee cuttings; White (1947) on propagation of 
bamboo; and Dijkman (1950) on rooting leaf-bud cuttings of 
mango. 


INVESTIGATIONS WITH GROWTH SUBSTANCES 


Surprisingly enough, the most effective use of growth substances 
to date is in weed control, a phase which lies outside the scope of 
this review. Other widely accepted uses of such chemicals in a 
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similar category, not here considered, include fruit-thinning sprays; 
harvest sprays to delay formation of abscission layer and drop of 
fruit ; and chemical treatment for increasing storage life of the fruit. 


Chemistry 


The list of chemicals used to influence regeneration and in prac- 
tical propagation has grown tremendously. For a study of these 
the reader is referred to one of the reviews on growth substances 
in general, such as that of Avery and Johnson (1947), or to some 
of the more strictly chemical reviews. Hitchcock and Zimmerman 
(1944, 1945) have reported on methods for rating the various 
growth substances, especially from the standpoint of root induction. 

As was emphasized ten years ago, even more so today the list 
of chemicals found to affect regenerative phenomena is predomi- 
nantly made up of materials completely foreign to the plant ; hence 
they cannot be called “ hormones” in the sense with which that 
word was originally proposed, any more than when one goes to the 
drug store for a human remedy he is always dealing with hor- 
mones. Regardless of how illogical the use, however, the word 
“hormone”, as now generally applied to plants, has come to be 
practically synonymous with “ growth regulator’, irrespective of 
natural occurrence in the plant. 


Morphological Changes 


Innumerable changes in anatomical and morphological structure 
following treatment with chemicals have been reported. None of 
these numerous detailed papers seems to alter the general picture 
2s presented ten years ago, so they will not be reviewed here. I 
quote from the original review: “ Treatment of intact or isolated 
plant parts has been conclusively shown to call forth marked re- 
sponses which can offer great help to the plant propagator. How- 
ever, almost without exception, these are of the stimulatory nature 
—that is, their application is a very important factor in determin- 
ing the rate and degree of regenerative phenomena, but has little 
if any qualitative effect upon the regenerate ”. 


Practical Propagation Experiments With Growth Substances 


ROOTING OF CUTTINGS. Literally hundreds of papers have ap- 
peared concerning the effects of growth substances on rooting of 
cuttings. These are fairly well summarized in the following: 
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Deuber (1940), Williams (1943), Garner (1944a), Mitchell and 
Marth (1947), Avery and Johnson (1947), Myhre and Schwartze 
(1948) and Verleyen (1948). 

Out of the mountain of data accumulated on. hormone treatment 
of cuttings, so lightly touched on here, what emerges as the net 
result? Perhaps this is best summarized by Avery and Johnson: 
“ Hormones have proved to be of great advantage in rooting nu- 
merous kinds of plants . . . hormones are of no advantage what- 
soever in rooting cuttings of plants that are never known to root 
without them. Furthermore, hormones will not substitute for the 


” 


usual optimum conditions .. .”. 


WOUND HEALING. Chadwick and Nank (1949) and Davis 
(1949) studied the effects of various wound dressings on the heal- 
ing of tree wounds. Surprisingly enough, no substance has been 
found which unmistakably aids in wound healing. Several chemi- 
cals definitely inhibit wound healing in actual practice, and none 
was better than plain orange shellac which of course is primarily 
a retardant to drying. It appeared that cysteine hydrochloride, 
O-chlorophenoxyacetic acid and others with the -SH group had 
slightly stimulating effects. Perhaps it is not too much to expect 
that definite aids to wound healing will be available before many 
more years. The subject of wound healing was summarized by 
Bloch (1941) in this magazine. 


OTHER TYPES OF PROPAGATION. Although in the rooting of cut- 
tings, as indicated above, the growth substances have found a 
definite role, this cannot be said for budding and grafting. Not- 
withstanding occasional optimistic laboratory reports (e.g., Kruyt, 
1947), the reviewer has heard of no practical propagation estab- 
lishment where growth substances are being made use of in regular 
budding and grafting operations. The same is true for root cut- 
ting propagation—the inhibiting effects on bud growth seem to 
more than counterbalance any favorable effect on root development. 

Similarly the common mineral nutrients and the evaporation- 
retardants have been found to play more important roles than any 
of the growth substances so far tested in stimulating root develop- 
ment and hence plant survival following resetting. 

In one other special phase of propagation, however, growth sub- 
stances have definitely found a use—in parthenocarpic fruit de- 
velopment. Extending the work by Gustafson (1936), we can 
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now definitely consider such treatments here under the heading of 
“Practical” use of growth substances. A long list of applied ex- 
periments in this field have been reported. It is now common 
practice for flowers of tomatoes (Wittwer, Stallworth and Howell, 
1948), pineapples (Van Overbeek, 1946) and Smyrna figs (Crane 
and Blondeau, 1949) to be set with growth regulators. 


Growth Substances and Correlations 


At the symposium on growth substances, held in Madison, Wis- 
consin, in August, 1949, considerable discussion prevailed on this 
subject. The general conclusions there reached made the follow- 
ing statement quoted in the original review ten years ago, sur- 
prisingly up-to-date (Jost, 1937): “At the beginning, it seemed 
as though we had found in auxin the controlling agent in cell 
elongation through which all secrets had been unlocked ; however, 

. we have found great disappointments on every hand. Auxin 
is no longer the ‘ ruler’ of the plant, but its ‘servant’ .... The 
protoplasm, which for a time seemed to be ‘shelved’ has again 
returned to its old importance . . .” 


SUMMARY 


During the past decade remarkable strides have been made in 
the field of growth substances in general and in their practical ap- 
plication in various aspects of vegetative propagation. Anatomical 
and morphological studies appear not to have kept pace with more 
practical considerations. In particular, innumerable useful tools 
in the form of “ hormones ”’, growth substances and new techniques 
have been put at the disposal of the plant propagator. But many 
gaps remain in our scientific knowledge as well as our art, and we 
still have very little basic knowledge concerning protoplasm and 
how it behaves in the various aspects of plant regeneration. 
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THE CHLOROPLAST: STRUCTURE, INHERITANCE, 
AND ENZYMOLOGY. II’ 


T. E. WEIER anv C. R. STOCKING 
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INTRODUCTION 


The previous review was concerned largely with the structure 
of the chloroplast. During the past decade, American workers 
have become aware of investigations of Renner, Schwemmle, Imai 
and others on chloroplast inheritance, and recent advances in bio- 
chemical techniques have made the isolation of chloroplasts possi- 
ble. The present review reports recent work on chloroplast struc- 
ture and covers the genetical and biochemical work for more than 
the last ten years. Work on plastid inheritance goes back to Baur, 
Bateson and other prominent early geneticists who were interested 
in chlorophyll characters. The literature is extensive and there 
have been numerous reviews of this work. The plastid inheritance 
mechanism, however, is not so concise and clear-cut as Mendelian 
inheritance. There is still much confusion, and beyond the fact of 
the permanence of the chloroplast as a genetic factor little is well 
established. We have not covered the field in detail but have tried 
to select a few major concepts and to consider them in relation to 
embryogyny, histogenesis and certain aspects of the photosynthetic 
mechanism. 

Experiments on photosynthesis in cell-free chloroplasts, first at- 
tempted by Engelmann in 1881, form at present an active field of 
research which has been reviewed a number of times (Rabino- 
witch, 1945; Aronoff, 1946; Holt and French, 1949). We have 
not reviewed this field in detail but have discussed techniques of 
plastid isolation and their application to studies of the intracellular 
distribution of specific enzymes, with particular reference to the 
plastid. 

STRUCTURE 


yicroscopic. The granular structure of the chloroplast, as 
originally described by Meyer (1883) and more recently confirmed 


1 Supplement to article in The Botanical Review 4: 497-530. 1938. 
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by Doutreligne (1935), Heitz (1936) and Weier (1936), has been 
amply confirmed by numerous investigators during the past decade 
(Beauverie, 1938; Jungers and Doutreligne, 1943; Hygen, 1937; 
Geitler, 1937; Stewart, 1948; de Rezende-Pinto, 1948); Granick 
and Porter, 1947; Algera et al., 1947). Furthermore, this con- 
cept of chloroplast structure as the actual normal living structure 
of the chloroplast has been generally accepted by biochemists 
(Wildman and Bonner, 1947) to the exclusion of all other re- 
ported appearances of the plastid. This may be unfortunate, since 
it overlooks the fact that for many years the granular appearance 
was regarded, with reason, as an irreversible pathological change 
(Liebaldt, 1913; Menke, 1934). Granick and Porter (1947) and 
others have confirmed the increased visibility of the grana upon 
injury of the cells. For instance in preparing chloroplasts for 
observation in the electron microscope, Granick and Porter report 
a very definite increase in the distinctness of the grana in the 
isolated plastids. 

Chodat (1938) observed small indistinct granules in the starch- 
free chloroplast of Pellionia daveauna which became much more 
distinct when the plastid swelled upon heating to 85° C. Weier 
(19385) reports ,that occasionally homogeneous chloroplasts be- 
came granular upon isolation from the cell. 

Homogeneous chloroplasts have been frequently reported in re- 
cent years. Beauverie (1938), in an extensive study of more than 
100 species, noted grana of varying sizes. Numerous species had 
homogeneous chloroplasts. The latter are, however, rather less 
frequent of occurrence than the granular chloroplasts and appar- 
ently much less stable. Geitler (1937) found both granular and 
homogeneous chloroplasts in algal cells. He thinks that the homo- 
geneous appearance may be accounted for (a) by the small diam- 
eter of the grana (0.3 to 0.4 micron), (b) by numerous layers of 
large numbers of grana and (c) by a slanting position of the small 
disc-shaped grana not permitting good images of them. Granick 
and Porter (1947) have suggested that the grana are present but 
invisible because of a refractive index similar to that of the stroma 
or cytoplasm. The increase in visibility upon isolation and death 
of the chloroplasts would support this concept. Weier (1938b), 
however, reports killing homogeneous chloroplasts in tobacco leaf 
cells with chloroform and ether without the appearance of grana. 
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Menke (1934) studied the birefringence of chloroplasts (fixed in 
osmic acid) in different mixtures of glycerin and water which 
varied the refractive index. He did not report the appearance or 
disappearance of the grana, which might be expected to occur if 
the homogeneous state were due to refractive index. According to 
Frey-Wyssling (1948), grana do not occur in the chloroplasts of 
Anthoceros. de Rezende-Pinto (1948b), however, observed them 
when these chloroplasts were destarched. Hygen (1937) also 
noted that the grana are more distinct in the starch-free chloro- 
plasts taken from plants grown in darkness. This observation 
would lend support to Weier’s suggestion (19385) that the granu- 
lar state is physiological and favored by a lack of starch and low 
light intensity. 

Grana in chloroplasts killed and freed from pigment in alcohol 
were originally reported by Meyer. It has been confirmed recently 
by Heitz (1936) and Weier (1936). Both Menke (1934) and 
Frey-Wyssling and Steinmann (1948) report that osmic-acid 
fixation faithfully preserves the granular structure. According to 
Beauverie (1938), both bichromate-formal and formal alone will 
fix the grana. Our own experience is that it is difficult to faith- 
fully preserve the exact granular appearance of the living chloro- 
plast (unpublished). For instance, in some species osmic acid 
blackens granules which have a resemblance to, but not the orienta- 
tion of, living grana. We have so far been unable to satisfactorily 
differentiate between grana and stroma by stains, although it does 
appear that the stroma in many cases stains more deeply. It may 
be that chloroplasts are greatly modified by fixation and dehydra- 
tion. If this be so, generalization on the submicroscopic structure 
of the living chloroplast, based on studies of the fixed and de- 
hydrated chloroplast, must be accepted with caution. 

The following conclusions regarding the more general micro- 
scopic appearance of the chloroplast appear to be well founded: 

a) Grana do occur in healthy normal chloroplasts. 

b) Healthy normal chloroplasts may also be homogeneous. 

c) The granular state may become more distinct after cellular 
injury. 

According to Heitz (1936), the grana are small discs. This 
view has been generally accepted. Beauverie (1938), however, 
thinks that they are somewhat plastic, certainly varying in size. 
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He reports, for instance, that in Elodea they are large in August 
and small in January. Woods and du Buy (1951) have observed 
in the same cell plastids with different sizes of grana. Beauverie 
also describes the presence of oil droplets within chloroplasts which 
may be confused with grana. 

The important aspect of these observations to chloroplast bio- 
chemistry lies in the possibility that the change from the granular 
to the homogeneous state may be reversible and normal in the 
living cell (see Bélar (1929) for a discussion of such reversible 
cytoplasmic changes). Upon isolation the change to the granular 
state may become irreversible, and thereby blocking, changing or 
interfering with normal chloroplast reactions. The biochemist 
should not accept so completely the grana structure as the normal 
structure of the chloroplast. Additional confusion is added to the 
problem when workers (i.e., Aronoff, 1946) apply the term grana 
to any type of chloroplast fragment. 

The electron micrographs of Granick and Porter (1947) and of 
Algera and co-workers (1947) elegantly confirm the granular 
structure of the chloroplast as observed with the light microscope. 
Kausche and Ruska (1940) in early work with the electron micro- 
scope described the grana as being composed of very thin lamellae. 
Granick and Porter and Algera in the works cited above confirm 
the presence of discs in the electron microscope preparations but 
consider them as bladders, possible coacervates which have been 
induced by the preparatory treatments. 

Evidence still seems to indicate that the chlorophyll is present 
in the grana, although rigorous proof is still wanting. The fluores- 
cent demonstrations of Metzner (1937) which showed red grana 
on a clear background is the most distinct indication of the location 
of the pigment in the grana. Most certainly, however, there is a 
great difference between the structure and composition of stroma 
and grana. Beauverie (1938), for instance, points out that dis- 
tilled water and sodium oleate bring about changes in the stroma 
while not affecting the grana. According to Heitz (1936), Weier 
(1936) and others, the grana are embedded throughout the stroma. 
Beauverie (1938) and Hygen (1937) report them, however, as 
being confined to the surface of the chloroplast. Chloroplasts iso- 
lated from tobacco leaves in our own laboratory in sugar solution 
sometimes swell slightly. Under these conditions the grana moved 
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apart giving positive visual evidence, in these cases, that the grana 
alone contained the chlorophyll. 

Birefringence studies (Frey-Wyssling and Steinmann, 1948) 
indicate that the main body of the chloroplast is composed of thin 
protein lamellae, to which are attached, more or less at right angles, 
lipoid chains. The scheme presented in the last review (Weier, 
1938a) for the submicroscopic structure of the chloroplast was 
quite theoretical, and recent work has not supported it in all de- 
tails. Frey-Wyssling’s simpler picture as presented above is well 
founded. Its weakest link is perhaps Menke and Koydl’s (1939) 
photomicrograph of the Anthoceros plastid which is discussed 
below. 

Since the Anthoceros chloroplast has probably received more 
attention than that of any other plant, it might be well to consider 
it briefly; it will be noted that there is considerable difference of 
opinion as to its structure. It was first described by von Mohl in 
1837 as a granular green body. He was able to show the presence 
of starch within the green granules, and his drawings show the 
chloroplast as a composite body made up of numbers of small green 
spheres, each with starch as a core. He studied only living and 
iodine-killed material. Davis (1899) examined the chloroplasts in 
the spore mother cells of Anthoceros. They contained starch 
grains filling much of the plastid. Each starch grain was sur- 
rounded by a delicate film of cytoplasm. In sections these films 
appeared as strands winding between the starch grains. Accord- 
ing to Davis, the chloroplast in the spore mother cells of Antho- 
ceros is a honeycomb structure in which each cavity is filled or 
almost filled with starch. In mature spores the starch grains are 
large, while the stroma is greatly reduced. The plastid is really 
a mass of starch-filled vesicles. 

According to McAllister (1914, 1926), the Anthoceros plastid 
has a much less regular structure. Those chloroplasts best situated 
for active photosynthesis have well-developed pyrenoids. He 
shows no structure in the chloroplasts of the younger sporogeneous 
cells, other than the presence of a few scattered starch grains. As 
meiosis proceeds, chloroplast division occurs, the starch grains and 
pyrenoids disappear and the plastids becomes a vacuolate rather 
indefinite body. 

In 1935 Lander, using material fixed in Flemming’s fluid, em- 
phasized the variation of chloroplast structure in different cell 
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types. She reports that the “ plastids differ greatly in various 
cells of the sporophyte in their size and shape, in their staining 
reactions, in the size of the pyrenoid, and in the amount and stain- 
ing reaction of the starch present. Changes also occur during the 
growth of the cell. As it matures, the plastid increases in size, 
tends to taper in long points, displays a strong affinity for gentian 
violet, presents a more densely granular reticulation, and contains 
a very prominent pyrenoid surrounded by a large amount of starch. 
In the cells of the foot the chloroplast is more nearly uniform in 
diameter, elongated, arched, and adheres closely to the nucleus. 
It stains lightly, shows a fine reticulation, and contains a small 
pyrenoid with a very small amount of starch. The chloroplast of 
the primary sporogenous cell is small and has a slight affinity for 
gentian violet. The granular reticulations, chiefly parallel to the 
longitudinal axis, often have the appearance of a small group of 
fibers”. 

Weier (1933) studied the living Anthoceros chloroplast with 
reflected light. He described it as appearing to be an aggregate 
of green vesicles, each of which contained a single starch grain. 
Manipulation of the illumination gave the impression that each 


green vesicle was separated from its neighbors by a thin layer of 
colorless stroma. 


Photomicrographs (Weber, 1936) of living Anthoceros chloro- 
plasts taken with ordinary light do not show grana. In polarized 
light parallel bands of anisotropic areas are visible at opposite sides 
of the chloroplast. Menke (1938c) photographed cross-sections 
of fixed Anthoceros plastids. He has interpreted the striated ap- 
pearance as being due to the thin protein lamellae which are indi- 
cated by polarized light studies. These photomicrographs are, 
however, not very convincing. The only statement regarding 
technique is that stained microtome sections were photographed, 
and the chloroplasts were starch-free. In view of the influence 
of fixing solutions (Fry, 1933; Zirkle, 1928) on the image of killed 
and stained cytoplasm this is quite unsatisfactory. The presence 
of submicroscopic lamellae in the stroma of the chloroplast seems 
to be fairly well established, but it is questionable that these photo- 
micrographs actually show them. 

Grana were not observed in the Anthoceros plastid by any of the 
above workers, and Rabinowitch (1945) states emphatically that 
the Anthoceros chloroplast is grana-free. de Rezende-Pinto 
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(1948b), by keeping Anthoceros plants in darkness or in green 
light, was able to obtain starch-free chloroplasts in which he re- 
ports seeing grana. His photomicrograph is not so distinct as 
might be desired, but it does show the presence of structures which 
appear to be grana. 

The Anthoceros chloroplast may be a favorable object of study 
because of its size. It is, however, unfavorable because of its com- 
plexity and variability. Depending upon its location in the plant 
it may or may not possess pyrenoids. The presence of grana 
within it is questionable. The evolutionary position of Anthoceros 
as a possible climax form of an extremely ancient plant group from 
which none of the higher plants has evolved may simply mean that 
the structure of the chloroplasts of this genus is unique. Generali- 
zations based on the Anthoceros chloroplast and concerning chloro- 
plasts in general should be regarded with much skepticism. 


OTHER TYPES OF CHLOROPLAST STRUCTURE. Although the grana- 
stroma nature of the chloroplast is well founded, additional de- 
scriptions of chloroplast structure continue to appear in the litera- 
ture. These should not be ignored. Such descriptions must have 
a factual basis. All chloroplasts may not be identical in structure. 


Modifications may have occurred through disease, injury or 
fixation. 


Both Stewart (1948) and de Rezende-Pinto (1948a, 1949) de- 
scribe grana within chloroplasts, and de Rezende-Pinto substan- 
tiates the spiral or helical arrangement of the grana noted by 
Meyer (1883). The grana are not, according to de Rezende- 
Pinto, associated in lamella, but are held together on a strand, the 
plastonema. This is arranged in a helical fashion within the 
chloroplast. He observed this structure in Cotilendon umbilicus, 
Sedum album, Helianthus tuberosus, Taraxacum officinale, Ilex 
aquifolium, Aspidistra elatior, Gasteria maculata and Fossombronia 
pusilla. His photomicrographs do show the presence of what ap- 
pears to be a coiled thread. He notes that Bauer (1942) has also 
described this detail of structure but attributed it to injury caused 
by alkaloids. The spiral plastonema is particularly distinct after 
the leaves have been held in darkness for 48 hours. The starch 
vacuole is then filled with sugar, and when such chloroplasts are 
mounted in distilled water they swell, showing the spiral band 
very distinctly. 





THE CHLOROPLAST 








6 


Fic. 1. Cross section of sectorial chimera. Periclinal chimera is thought 
to develop at a. After Baur, 1909. 

Fic. 2. Shoot apex of periclinal chimera. Layers I and II give rise, 
according to Baur, to epidermis and subepidermal layers of a variegated leaf. 

Fic. 3. Section of variegated leaf, periclinal chimera of the albomarginata 
type. White portion has developed from layers I and II, other portion of 
leaf from deeper layers of apical cells. After Baur, 1909. 

Fic. 4. Development of leaf from subepidermal, according to Noack. 

Fic. 5. Development of subepidermal layer from a periclinal division of 
epidermal cell. Sambucus, after Renner, 1936. 

Fic. 6. Diagram of the submicroscopic structure of a chloroplast, after 
Menke. 
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In /soetes, according to Stewart (1948), the grana are distinct 
in fixed chloroplasts. They are in a linear order and are con- 
nected to each other by threads. He could not determine accu- 
rately the location of the chlorophyll but thinks it to be present in 
both grana and stroma. Evidence indicated that the starch grains 
arise in association with the grana. 

The description given the chloroplast by Holland and Holland 
(1941) is somewhat complicated by a new terminology. They 
describe a “systeme solenosomien difference”, which probably 
is the equivalent of the plastonema of de Rezende-Pinto. It dif- 
fers, however, in being a system of canals which contain the chloro- 
phyll. The pigment usually diffuses outward upon alteration of 
the canal system and may do so under certain physiological con- 
ditions. Along this canal system there are elaborating centers 
(stigmosomes) which become faintly gray in osmium vapor. 
These are probably the grana. The stroma is described as a 
colorless, slightly refringent, liquid surrounding the canal system. 


CONCLUSION. It seems that the chloroplasts of the majority of 
plants consist of grana arranged in an orderly fashion and asso- 
ciated with either lamellae or filaments (fig. 6). The pigment is 
probably within the grana, the stroma is colorless. The grana may 
vary in size or may not be apparent, in which case the chloroplasts 
appear homogeneous. There is no information regarding the 
actual formation of starch within the plastid other than the older 
work (see Fritsch, 1935, for a review) relating the pyrenoid with 
starch grains. 

The biochemist should give more consideration to the homo- 
geneous chloroplast and the possibility that the grana he is study- 
ing are much modified from the living state. The stroma should 
not be forgotten. The varying grana sizes may be of importance 
when fractions are separated by differential centrifugation. 


CHLOROPLASTS AND MITOCHONDRIA 


While this review is not concerned with mitochondria, recent 
papers on the histochemistry of leaf tissue and of chloroplasts 
require a brief discussion of them. Chloroplasts and mitochondria 
are considered by Guilliermond (1941), Randolph (1922), Bowen 
(1929), O’Brien (1942), Sorokin (1938), de Rezende-Pinto 
(1948c) and many others as independent entities with no genetic 
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connection. Guilliermond differed from these workers simply in 
a matter of terminology by placing plastids and mitochondria in a 
class of bodies which he called ‘ chondriome”’. Zirkle (1929), al- 
though recognizing morphological and developmental differences 
between proplastids and other cellular granules, defined all gran- 
ules, rods or filaments preserved by fixatives with a pH range ap- 
proximately between 4.6 and 5.0 and which are destroyed by acids 
as mitochondria. This is an extremely artificial classification. 
Newcomer (1946, 1951) has recently strongly argued for the hy- 
pothesis that there exists but a single category of particulate cyto- 
plasmic elements: the mitochondria. These may be classified as to 
shape: the granules are chondriosomes, the rods, mitosomes. 
Chloroplasts develop from both rods and granules. The term 
“‘ mitochondriome ” is proposed as the equivalent of Guilliermond’s 
term “ chondriome ”’. 


Many functions have been ascribed to cytoplasmic granules and 
some effort has been made to classify them on this basis. Guillier- 
mond (1941) and many other workers have thought that the 
photosynthetic activity assumed by the proplastid and possessed by 
the chloroplast is significant enough to place this body in a distinct 


category. Newcomer (1946, 1951), however, disagrees with this 
writing, “that mitochondria of plants and animals while homolo- 
gous structures, are functionally versatile in response to the ge- 
netic constitution and metabolic requirements of the organism ”. 
He dismisses all evidence supporting the separate identity of 
plastids as resulting from preconceived opinions in the minds of 
those investigators who consider plastids and mitochondria as 
separate entities. We interpret this to mean that apical cells con- 
tain a single set of cytoplasmic granules, all chemically identical 
but which develop into plastids or other bodies, depending upon 
their position in the cell and the metabolic requirements of the 
organism. Furthermore, when, as in ferns (Marengo, 1949), the 
chloroplasts revert to proplastids these bodies become mitochon- 
dria in the sense that they will develop into plastids or other bodies 
in response to the genetic and metabolic requirements of the or- 
ganism. They may continue as mitochondria or develop into any 
of the numerous bodies thought to take their origin in mitochon- 
dria. In other words, it would seem, under this hypothesis, that 
the chloroplast does not have a genetic continuity from generation 
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to generation. ‘here are undoubted cases in which position and 
genetics do determine the development of cytoplasmic bodies. 
However, several other genetic factors, summarized below and dis- 
cussed in some detail in a later section, would seem to invalidate 
this as a generally acceptable hypothesis. 

a) Two or even three types of proplastids may exist side by 
side in the same cell, a fact which would indicate chemical dif- 
ferences between proplastids themselves. 

b) Plastids may mutate, another indication of chemical differ- 
ences between proplastids and chloroplasts. 

c) These proplastid and plastid differences are constant from 
generation to generation. Renner (1934) has carried one such 
constant plastid character through 14 generations. In another 
case Schwemmle (1938), after some five generations of breeding, 
found that the plastid character remained constant, while the nu- 
cleus became adapted to work with this plastid character. Rhoades 
(1943) has shown that a chloroplast mutation induced by a nu- 
clear gene is a constant plastid character transmitted intact to 
subsequent generation regardless of the type of nucleus with which 
it is associated. 

d) Many variegated chloroplast characters are inherited mater- 
nally, a few paternally. This strongly indicates the genetic con- 
tinuity of plastids through meristematic tissues and reproductive 
cells. 

In these cases there seems to be little reason to doubt the actual 
presence of proplastids in all critical reproductive cells. They 
must not only maintain their identity but give rise to plastids like 
themselves. It is true that the concept may need more vigorous 
cytological demonstration; but to assume that a constant geneti- 
cally continuous line of plastids does not exist would seem to be 
ignoring a body of well-established facts. If such a line does exist 
and there are other cytoplasmic bodies in meristematic cells, there 
must be at least two types of such bodies. 

The fact, known to Schimper in 1885 and reported re- 
peatedly since (Gautheret, 1935; Dangeard, 1945; Zirkle, 1927) 
and easily confirmed, that proplastids in many shoot and root 
meristems will develop chlorophyll when exposed to light is mini- 
mized by most workers who would homologize plastids and plant 
and animal mitochondria. Dangeard (1947) has given an excel- 
lent review of this subject. 
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While many workers in this field have recognized, as Newcomer 
so well points out, the great versatility of particulate cytoplasmic 
bodies, a major effort has been expended in devising reasons for 
placing all these particulate bodies in a single category. This has 
resulted in making the subject of the cytoplasmic particulates 
rather unpopular. For instance, most histochemical work at pres- 
ent ignores the possible presence of particulate bodies other than 
plastids in leaf segregates. 

Woods and du Buy (1943), du Buy and Woods (1943, 1945), 
du Buy, Woods and Lackey (1950) have recognized the possible 
presence of such bodies but have drawn several far-reaching but 
poorly supported conclusions. From evidence of chloroplast muta- 
tions without a subsequent gene mutation they postulate (no evi- 
dence is given) that the mutation occurs in the proplastid stage. 
With no breeding work they conclude that other cytoplasmic par- 
ticles (mitochondria) carry genes which may mutate and are in- 
herited. Further reasoning without adequate experimental evi- 
dence leads to the statement: “ since chondrioconts [mitochondria] 
have a definite heredity and are capable of mutation, they have 
fundamental properties in common with viruses, that because of 
their ability to mutate they are subject to survival pressures and 
are significant in evolution ”. 

They are at present (du Buy, Woods and Lackey, 1950) con- 
cerned with the similarities of particulate cytoplasmic bodies, not 
their versatility. They have shown that both chloroplasts and 
cytoplasmic particles contain cytochrome oxidase, an enzyme which 
if present at all might be expected to be present in several, or even 
all, cell activity centers. It is also present in the nucleus and 
microsomes (Dounce, 1950). In order to emphasize the similarity 
of the cell particulates, they have ignored their own data showing 
that leaf homogenates devoid of particulate matter have the same 
marked derangement of certain enzyme systems of the cell as is 
apparent in the mitochondria and plastids. This present criticism 
is directed mainly against the influence that an idea can have in 
obscuring and confusing otherwise excellent work. 

As a matter of fact we do not as yet have precise and detailed 
information regarding the chemical nature of proplastids and other 
plant cell particulates that is comparable in any degree to that 
available for the mitochondria and microsomes of the animal cell 
(Dounce, 1950). 
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It is a strange fact that in spite of the large literature on plant 
mitochondria there are no critical studies of them in mature plant 
cells such as sieve tubes and mesophyll cells of leaves. They may 
even be absent from mature leaf cells (Randolph, 1922). Woods 
and du Buy’s (1943) photomicrographs and drawings of leaf cells 
do not show them, although they discuss them in the text of their 
report. They are also absent from the photomicrographs of leaf 
cells taken by Esau (1944) and by Zirkle (1929). Evidence for 
their presence in leaf cells obtained in our own laboratory is con- 
fusing. Particulate cytoplasmic structures are common in epi- 
dermal and transition cells in leaves fixed in solutions containing 
acetic acid. Such bodies are not common in chlorenchyma cells 
but they do occur. When Regaud’s fixative is used particulate 
bodies are still scarce in chlorenchyma tissue, but, as pointed out 
by Newcomer (1946), such negative evidence is not convincing. 

Terminology is a matter of convenience. It makes little dif- 
ference whether or not proplastids are defined as mitochondria so 
long as issues are not confused. It still remains for the plastid 
cytogeneticist (Bauer, 1942, 1943; Kaienburg, 1950; Yuasa, 


1939) to demonstrate the presence of proplastids in pollen tubes, 
gametes and other critical cells. And genetic attributes of granules 
other than proplastids must be established by proper techniques, 
not assumed, because proplastids are or contain genetic units. 


INHERITANCE 


Plastid inheritance was not considered in the 1938 review, al- 
though at that time Baur (1909), Correns (1928), Renner (1934), 
Imai (1936), Schwemmle (1938), Demerec (1927) and others 
had adequately demonstrated that the chloroplast as an independent 
genetic factor had to be considered in studies on the inheritance of 
many chlorophyll characters. Since the recent reviews of Rhoades 
(1946), Caspari (1948) and Granick (1949) have covered many 
aspects of chlorophyll inheritance, only certain details will be con- 
sidered here. 

Sonnenborn (1950) has recently stated that all available evi- 
dence indicates that “ the plastid is the only visible, unquestionably 
normal cytoplasmic structure that has been shown beyond reason- 
able doubt to be self-duplicating, mutable and the basis for cyto- 
plasmic inheritance of a trait”. Chloroplast mutations do not 
seem to be as well established, however, as is desirable. 
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CYTOLOGICAL EVIDENCE FOR CHLOROPLAST CONTINUITY. There 
is clear-cut evidence for the presence of chloroplasts or of leuco- 
plasts in the meristematic tissues of many plants. Early reports 
(see Weier, 1938a, and Dangeard, 1947) have been confirmed by 
Zirkle (1927, 1929) and Dangeard (1945). Zirkle (1927) is 
particularly emphatic, emphasizing with italics as follows: “ under 
optimum light conditions each of the (plastid) primordia in the 
apical meristems (shoot) will contain a single minute starch grain 
0.5 » in diameter. Thus even in the simplest stage the primordia 
are hollow spheroids of essentially the same structure as mature 
plastids”. Buvat (1944) observed proplastids with starch in 
meristems in leaf cuttings of Brimeura amethystina. This indi- 
cates that when conditions require, the proplastids in meristems 
can store starch. de Rezende-Pinto (1948) has recently shown 
that proplastids under suitable conditions are resistant to killing 
fluids containing acetic acid. Using newer and refined methods, 
he has apparently been able to follow the proplastids and to dis- 
tinguish them accurately from mitochondria in certain critical life 
stages of the fern Culcita macrocarpa. Maternal inheritance of 
chloroplast characters adequately demonstrates the genetic con- 
tinuity of the chloroplast from generation to generation. Evidence 
from Oenothera crosses (Schwemmle, 1938) indicates that under 
certain conditions proplastids may enter the egg cell from the pol- 
len tube. The cytological data concerning the behavior of pro- 
plastids during fertilization is not so extensive as desirable. The 
presence, in pollen tubes, of chloroplasts (Ruhland and Wetzel, 
1924), of proplastids (Anderson, 1936) and of leucoplasts with 
starch grains (Ishikawa, 1918; Kiyohara, 1935; and Kaienburg, 
1950) is well established. Evidence for the presence of proplastids 
or leucoplasts in egg cells of angiosperms is equally convincing. 
They are reported, for instance, in Lilium by Guilliermond (1941), 
in Antirrhinum majus, Philadelphus coronarius and Hyacinthus 
orientalis by Anderson (1936) and in Hartmania (Oenothera) 
tetraptera by Ishikawa (1918), Kiyohara (1935) and Kaienburg 
(1950). Since cells of the pollen tube and embryo sac of Hart- 
mania tetraptera contain spindle-shaped starch grains associated 
with leucoplasts it has proven valuable for a study of fertilization. 
The union, however, of the pollen tube contents with one or both 
synergids, resulting in the sperm cell reaching the egg cell via a 
synergid, introduces a complex factor. According to Ishikawa, 
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the synergids do not contain the spindle-shaped grains, though 
both Kiyohara and Kaienburg observed them in these cells. Both 
of these latter workers report leucoplasts in the egg cell. Kiyohara 
found starch in them, while Kaienburg could not. Kiyohara de- 
scribes the passage of starch grains from the pollen tube into a 
synergid and then into the cytoplasm of the egg cell. Kaienburg, 
although examining over 300 fertilized egg cells, failed to find 
starch grains in any zygote. Anderson (1936) has reported the 
discharge of proplastids from the pollen tube of Antirrhinum into 
the egg cell. Maige (1934) has described the formation of starch 
in proplastids in cells of the carrot embryo. Thus genetical and 
cytological observations are in agreement as to the possible passage 
of plastids from the pollen tube into the egg cell. In both fields the 
results are meager although fairly conclusive for a few species. 
General conclusions, however, should not be drawn until more ex- 
tensive observations have been made on both genetical and cyto- 
logical aspects of fertilization. 

In mosses Bauer (1942) and in ferns Yuasa (1939) have ade- 
quately demonstrated the presence of plastids at all critical stages 
of the life cycle. Older observations are thus confirmed. Bauer 


reports the absence of mitochondria from the cells of old protonema 
cultures. 


These positive observations covering a long period of years 
would seem to leave no reasonable doubt as to the presence of plas- 
tids, of one sort of another, in all critical cells and tissues, although 
more information is needed for certain important stages. 


INHERITANCE OF CHLOROPHYLL CHARACTERS. The majority of 
cases involving chloroplast characters are concerned with the 
mechanism of chlorophyll production and the distribution in leaves 
of failures in the mechanism. The present classification of these 
characters is based entirely upon this distribution; it is somewhat 
involved and will not be discussed here. Leaf patterns vary from 
small differences in the overall green color of the leaf, through the 
presence of scattered small etiolated flecks, to large regular varie- 
gated patterns and end with completely etiolated seedlings. 

Much of the problem involves the inheritance of variegated leaf 
types and engaged the attention of Baur, Correns, Bateson and 
other prominent early genetists. The data have been well reviewed 
a number of times (Baur, 1930; Chittenden, 1927; Jones, 1934; 
de Haan, 1933; Renner, 1936; Rhoades, 1946), and their papers 
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may be consulted for details. From these data two basic concepts 
have arisen. 

a) The chloroplast is an autonomous extra-nuclear genetic 
factor. 

b) Chloroplasts are segregated at random in the development 
of many variegated forms (Baur, 1909; Chittenden, 1925; 
Rhoades, 1946; Darlington and Mather, 1949). 

The first of these concepts appears to be well founded. Data 
illustrating this will be briefly reviewed. The random assortment 
of chloroplasts seems to have a less firm basis. In reviewing ob- 
servations bearing on its validity we are being somewhat preju- 
diced in selecting a preponderance of adverse observations. It 
would seem, however, that before a concept of such importance 
receives general acceptance, all objections should be satisfactorily 
answered. It is hoped that the following observations may con- 
tribute to a more critical appraisal of the mechanism of chloro- 
plast inheritance. 

Studies on chlorophyll inheritance may be classified for con- 
venience into four groups. These are as follows: 

a) Chlorophyll and chloroplast characters are under complete 
control of the nucleus. Inheritance is strictly Mendelian. The 
nuclear gene involved may be stable or unstable. 

b) Plastid characters may be under nuclear control to the ex- 
tent that the change in the plastid character is induced by a nuclear 
gene mutation. The changed plastid is thereafter inherited, inde- 
pendent of nuclear control. This is well illustrated by the iiojap 
gene in corn (Rhoades, 1943). 

c) The chlorophyll character may result from an interaction 
between the plastids, nucleus and other protoplasmic constituents. 
In this case the plastids are a distinct cooperating system in the 
inheritance mechanism. This is shown by many breeding experi- 
ments involving Oenothera. 

d) The plastid is an autonomous genetical unit, similar to the 
chromosome, in that it contains a gene, which is a self-duplicating 
unit, which may mutate, which is not controlled by the nucleus or 
cytoplasm, and which segregates at random during embryogeny 
and leaf histogenesis. 

Groups a, b and ¢ are supported by a large body of excellent 
breeding work. The group d type of inheritance is less well docu- 
mented and may be extremely speculative, involving plastogenes, 
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viruses, chondriogenes and random assortment of chloroplasts. 
We shall consider groups 0, ¢ and d in some detail. 


MENDELIAN INHERITANCE. So many well-authenticated cases 
of this type of plastid inheritance are known, and so well known, 
that a discussion of them will not be undertaken here. 


NUCLEAR STIMULATION OF PLASTID MUTATION. The classical 
example of a nuclear gene affecting a permanent change in the 
chloroplast is that of the iiojap gene in maize, reported by Rhoades 
(1943). Here the presence of the double recessive genes in the 
nucleus causes a plastid change which results in a definite and 
characteristic striping of the corn leaves. Once established the 
stripe remains, even in the presence of the double dominant genes 
which originally gave normal green leaves. Although this is con- 
sidered to be a chloroplast mutation, Rhoades has correctly cau- 
tioned against the too complacent assumption that the nucleus in- 
fluenced the chloroplast directly. The nucleus must have acted 
through the agency of the hyloplasm or some other cytoplasmic 
component. It is possible that the permanent change resides here 
rather than in the chloroplast. In view of the characteristic strip- 


ing associated with the iiojap gene, a generalized cytoplasmic effect 
rather than a localized chloroplastic effect seems to be indicated. 
Further testing of these results could be done only if it were pos- 
sible to obtain iiojap chloroplasts associated with both normal nu- 
clei and normal cytoplasm. 


INTER-ACTION BETWEEN PLASTIDS AND NUCLEUS. The interac- 
tion of nucleus and cytoplasm was demonstrated by Renner (1934) 
and was subsequently elaborated by Schwemmle (1938) and his 
students in a series of beautifully executed experiments. 

Oenothera odorata has the Renner complexes v and / and 
Oenothera Berteriana the complexes B and I. 

A Renner complex is constant association of definite chromo- 
somes. Segregation at meiosis is not at random, so linkage groups 
in Oenothera are formed, not by a single chromosome but by 
groups of chromosomes moving in unison at anaphase I. In the 
case under consideration there are four chromosomes groups con- 
cerned, two, v and /, from Oenothera odorata, and two, B and 1, 
from O. Berteriana. Reciprocal crosses between these two species 
gave the following results: 
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Cross 


Cross 
2 O. Berteriana x 3 O. odorata 2 O. odorato x S O. Berteriana 
B. 1. v. 1. v. 1. a 





Appearance of hybrid with Berteri- Appearance of hybrid with odo- 
ana cytoplasm including chloro- rata cytoplasm including chloro- 
plasts, with Renner nuclear com- plasts, with Renner nuclear 
plexes indicated. complexes indicated. 





Renner Renner 


complex Appearance complex Appearance 





B, »v. Non-viable; dies in B, v. Normal 
embryo stage 
B. 1. Normal B. 1. Weak and yellow 
Ll. v. Lower leaves some- lv. Weak and yellow 
times yellow, 

otherwise normal 
&. & Lower leaves some- d. I. Non-viable 
times yellow, 

otherwise normal 














These results show beyond any reasonable doubt that the same 
chromosomes, i.e., (B. v.), do not react the same in two different 
cytoplasms; with odorata cytoplasm a normal plant results; with 
Berteriana cytoplasm the young embryo dies. 

It remains now to distinguish between the chloroplasts and the 
remaining cytoplasm. This can be done as follows: proplastids 
may occasionally enter the egg cell with the B and J Renner com- 
plex male gametes (Schwemmle, 1938). When a plant with J. v. 
chromosomes and odorata cytoplasm and chloroplasts is crossed 
with pollen from Berteriana (B. 1. chromosomes), the following 
combinations occur: chromosomes B. I., I. l., B. v., and 1. v. all in 
odorata cytoplasm. Under these conditions 3. /. and /. I. are nor- 
mally lethal. However, in this cross a number of viable B. 1.- 
odorata cytoplasm plants were obtained. This is explained by the 
entry of Berteriana plastids with B complex sperm into the / com- 
plex egg. The presence of Berteriana plastids has been tested for 
by crossing this plant (B. /. chromosomes, Berteriana chloroplasts, 
odorata cytoplasm) with a standard odorata pollen. When this 
is done an F, generation resembling that of the standard O. 
odorata cross O. Berteriana is obtained. These observations lend 
strong support to the idea that the chloroplasts are a separate but 


, 
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not necessarily independent “ reaction system” in the mechanism 
of chloroplast inheritance and that in this case at least they are 
capable of reacting directly with the nucleus. 

As originally mentioned from the cross O. odoratax O. Ber- 
teriana, there arises a plant with the /. v. Renner complex in 
odorata cytoplasm. This plant is weak and yellow. Selfing it 
for four generations results in a normal healthy plant with pre- 
sumably the same nucleus-cytoplasm combination. The question 
arises as to whether the renewed vigor is due to a change in the 
plastids or the nucleus. This can be partially tested by pollinating 
this plant with O. Berteriana pollen. The offspring will possess 
the same set of plastids but will get a new set of / complex chro- 
mosomes from the pollen parent. These offspring are again weak 
and yellow, though somewhat less so than the original F, plants, 
thus indicating that the chloroplasts have maintained their geneti- 
cal characteristics, the nucleus becoming more cooperative. 

As Rhoades (1946) has pointed out, the weakness of these ex- 
periments lies in the fact that the odorata and Berteriana plastids 
have not been distinguished cytologically. We have examined 
them in our laboratory, and the morphological differences between 
them appear to be minor, if present at all. 

The experimental data obtained from the Oenothera and iiojap 
types of plastid inheritance do indicate that the plastids possess 
some type of genetic mechanism which is not under immediate 
direct nuclear control. They do not furnish rigorous evidence for 
independent plastogenes which mutate independently of each other 
and of the nucleus and which undergo a random sorting out dur- 
ing embryogyny. 

AUTONOMOUS PLASTIDS. The experimental data of the Oeno- 
thera and iiojap types of plastid inheritance do indicate that the 
plastids possess some type of inheritance mechanism which is not 
under the immediate direct control of the nuclear genes. This has 
led to the conclusion that the plastids contain a gene or genes. 
This is strengthened by the observation of chlorophyll changes or 
mutations (Imai, 1934, 1936a, b) which are subsequently inherited 
in a non-Mendelian manner. Imai (1937) proposed the term 
“ plastogene ”, and Darlington and Mather (1949) have accepted 
the term and expanded the concept from a theoretical viewpoint. 

Imai (1937), Renner (1934) and Darlington and Mather 
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(1949) have postulated the presence of a single plastogene per 
plastid, and Darlington and Mather have defined it as “a particle 
attached to a plastid whose reproduction determines a likeness of 
a daughter to parent plastid”. It is supposed that this plastogene 
can mutate and that new chlorophyll characters can arise by the 
chance sorting out, during development, of these mutated plastids. 

We shall discuss the following aspects of the plastogene: 

a) The one to one ratio between plastogene and plastid. 

b) Location of the plastogene. 

c) The random assortment of plastids during the development 
and differentiation of the zygote into the mature plant. 

One Plastogene per Plastid. The one to one relationship be- 
tween plastogene and chloroplast was proposed by Imai (1937) 
because of lack of evidence for plastids with a mixed constitution. 
Some consideration, however, of the development of the proplastid, 
the physiological activities of the chloroplast and Mendelian chloro- 
phyll mutations would seem to question the adequacy of this con- 
cept. Plastogenes, as nuclear genes, are known only through 
changes in the appearance of the structures involved. For plasto- 
genes to be inherited the mutation must be present in the proplas- 
tid in meristematic tissues, but it may not become apparent until 
later developmental stages. There are many ways in which the 
chlorophyll characters may be inherited. Some of them are sum- 
marized in Table I. In addition to the genetic types shown in 
this table, there are many different nutritional chlorophyll dis- 
eases, each with specific influences on the chlorophyll mechanism. 
It is obvious that changes in the normal chlorophyll mechanism 
may be brought about in a large number of ways. The problems 
involved in the development of a proplastid into an active chloro- 
plast have never been formulated, but the steps must be compli- 
cated and precise. Materials such as the pigments must be syn- 
thesized and many enzymes must be involved. It seems likely that 
the process may be blocked at many points. 

Some questions which arise regarding the block and plastogene 
relationship are as follows: 

a) Does one plastogene block the chlorophyll mechanism at 
only one point? 

b) Is one plastogene capable of blocking the mechanism at all 
points, some unknown factor determining the location of the block? 
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c) Do many plastogenes per plastid effect development and ac- 
tivity of chloroplasts in a manner similar to nuclear genes and 
the development of an organism? 

d) Are there many different plastogenes but only one plasto- 
gene per plastid? 

There is insufficient evidence to enable one to declare in favor 
of any of the above questions. The one plastogene per plastid 
hypothesis should be treated with skepticism and further work 
done to prove or to disprove it. 

Plastogene or Plasmogene. The Oenothera experiments of 
(Renner, 1936) Schwemmle and his students (1938) established 
the presence of genetic factors in chloroplasts. None of the other 
breeding work on the maternal inheritance of chlorophyll aberra- 
tions so distinctly locates them within the cell. Rhoades (1943) 
has pointed out that even in the iiojap mutation it is not possible 
to determine with certainty whether the permanent change resides 
within the plastids or in the hyloplasm. 

The recent biochemical work of du Buy, Woods and Lackey 
(1950) is of considerable importance in indicating a possible bio- 
chemical approach to problems of chloroplast inheritance. Their 
results are preliminary and, while not sufficiently detailed to give 
positive information, nevertheless do amply confirm Rhoades 
(1943) observation regarding the difficulty in locating the site of 
the permanent genetic change. 

There are probably many ways in which changes in the cyto- 
plasm would appear as chlorophyll characters. As an example, 
any increase in the permeability of the cytoplasm to essential min- 
eral nutrients, or a decrease in the absorbtive power of the root 
hair cell would result in a disturbance of the chlorophyll mech- 
anism. Present breeding data are not yet sufficient to warrant 
the very general conclusions drawn by some workers that any dis- 
turbance in the normal activity and development of the chloroplast 
is a mutation of a plastogene attached to a chloroplast. 


SORTING OUT OF PLASTIDS. The segregation of different plastid 
types during embryogeny and histogenesis is a basic factor in many 
problems of leaf variegation (Darlington and Mather, 1949). 

Since more work has been done on non-Mendelian chlorophyll 
inheritance and chloroplast segregation in Pelargonium zonale than 
in any other variegated plant, a brief survey of the situation as it 
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exists for this plant may be of interest. Baur (1909) first noted 
its non-Mendelian type of inheritance. He assumed that the 
zygote formed by the proper crossing of flowers on variegated and 
green shoots contained two sorts of proplastids, one supplied by 
the maternal parent and the other by the pollen parent. ‘These 
proplastids differed in that one was potentially a chloroplast, the 
other not. During embryogeny, details of which have never been 
followed histologically, the proplastids are sorted out at random 
so that the seedlings are mosaics of white and green tissue. 
Among these are some sectorial chimeras, a classical drawing being 
shown in Fig. 1. These seedlings are not stable; they give rise 
to shoots which are usually either all green, all white or periclinal 
chimeras. For instance, a bud primordia forming at apical region 
constituted as at a, Fig. 1, would result in a shoot which, accord- 
ing to Baur, would be a periclinal chimera. The dermatogen and 
the second layer of meristematic cells (I & II, Fig. 2) would con- 
sist of cells containing only white proplastids ; all other cells would 
contain green proplastids. This shoot primordium would give rise 
to a plant whose leaves would be white margined (Fig. 3). The 
margin would consist of the upper and lower epidermis with their 
hypodermal layers. 

Noack (1922) made a careful study of leaf histogenesis in 
Pelargonium zonale and arrived at the conclusion that the leaf 
mesophyll was formed from a subepidermal cell, Fig. 4. This 
method of leaf development is apparently common in dicotyledons 
(Foster, 1939), and if it occurs in Pelargonium zonale Baur’s ex- 
planation of the formation of the variegated leaves of this plant 
can not be correct. Chittenden (1925, 1927), without any de- 
tailed histological studies of his own, dismisses Noack’s views, 
which do contain considerable speculation, as being improbable. 
Foster (1939) accepts Noack’s observations of leaf development. 

Renner (1936a, b) and Renner and Voss (1942) have examined 
leaf histogenesis in shoots of Pelargonium sonale and a number of 
other variegated plants having marginally variegated leaves. They 
have shown that in certain of these forms periclinal divisions in 
the dermatogen give rise to a subepidermal layer. Should this 
layer contain only white proplastids or, as epidermal cells, be 
incapable of developing chloroplasts, the development of the white- 
margined leaf can be accounted for. However, the origin of the 
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white dermatogen cells and the sectorial chimeras is still unex- 
plained. Rhoades, in his 1946 review of the problem, concludes 
that only in Pelargonium zonale and similar plants is a random 
assortment of plastids possible. In all other cases of variegation 
some cytoplasmic or nuclear factor must be involved. 

The development of a sectorial chimera, such as that shown in 
Fig. 1, would seem to be something of a problem on the hypothesis 
of random assortment of plastids. The propfastid segregation in 
such a case would need to occur in an early stage of development 
of the embryo. It would seem to require the separation of perhaps 
30 white proplastids from 30 green proplastids in one or two cell 
divisions. The subject is not too difficult for both histological and 
statistical analyses. The work of Foster (1939), Satina and 
Blakeslee (1941) and Derman (1947) has already established a 
sound basis for work on leaf histogenesis. The extensive observa- 
tions of Soueges (see Maheshwari, 1950) furnish much informa- 
tion of cell lineages during embryological development. 

Various aspects of variegation selected from the literature on 
leaf variegation are briefly considered below. The purpose of this 
is not to present a comprehensive review of variegation (see Chit- 
tenden, 1927; de Haan, 1933; Jones, 1934) but to give a few 
examples of ways in which plastid segregation enters into the 
problem. : 

The appearance of flecks, either green or white, on a leaf might 
well be the result of a random assortment of proplastids. Correns 
(1909) and Baur (1912) have described such variegations in 
Mirabilis and Antirrhinum. Breeding experiments, however, show 
that this character is Mendelian in nature and therefore under 
nuclear control. In Oenothera Renner (1936) has described cases 
of flecking which, though non-Mendelian, develop only when cer- 
tain nuclear complexes and plastid types are associated. A random 
segregation could be involved in such a case. 

Sectorial chimeras are not usually stable. As previously men- 
tioned, they normally give rise to solid colors or to periclinal chi- 
meras. To be stable, blocks of meristematic cells in the shoot apex 
of a sectorial chimera would need not only to contain all white or 
all green proplastids, which presumably have segregated at random 
from a mixed zygote, but they must also retain their respective 
positions in the shoot apex. According to Collins (1922), the 
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position of the leaves on the stem of Chlorophytum elatum indi- 
cates not only a fairly stable relative association of blocks of apical 
cells but also that given blocks of cells rotate as the apex grows. 
The chlorophyll variegation in this plant is apparently somewhat 
dependent upon environmental conditions. The white areas be- 
come green with age and may also form chlorophyll under proper 
conditions of light and temperature. Collins also reports the pres- 
ence of yellowish green proplastids in the cells of the white areas. 
A histological and physiological study of variegation in this plant 
should prove of interest. 

In Amaranthus retroflexus (Chapin, 1914) the leaves having the 
same relative rank on the stem were not similar, although they 
did show certain resemblances. As the plant aged, shoots and 
leaves with solid colors arose. These were stable. In this plant 
sectorial blocks of cells with white and green proplastids at the 
shoot apex were not maintained. In Reineckia carnea variegata 
Collins (1922) reports that the leaves on opposite sides of the stem 
were mirror images of each other. The shoot apex was stable for 
some time, but solid colored leaves eventually arose. According to 
Collins (1922), the segregation of white and green proplastids in 
the shoot apex of Dactylis glomerata occurred in a single division 
of an apical cell. 

Periclinal chimeras are known which show Mendelian inherit- 
ance (Chittenden, 1927). There are of course many examples of 
periclinal chimeras which do not show Mendelian inheritance. 
Pelargonium is an outstanding example. 

In both barley and rice a coarse pattern of variegation show- 
ing non- Mendelian inheritance has been described by Imai (1928). 
He accounts for this variegation by the presence in these plants of 
highly unstable chloroplasts which mutate easily from green to 
white. 

As the majority of observations on non-Mendelian chlorophyll 
inheritance are explained by resorting to a random assortment of 
plastids (Darlington and Mather, 1949), it might be well to recall 
at this point the following obvious and rather well-known facts 
which are associated with development and in which a precision 
rather than randomness seems to be the major factor: 

a) Meiosis is an overall precision movement of chromosomes, 
the most important single random factor is disjunction. 
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b) Development, in general, is a much more complex factor 
than variegation, yet no random assortment of genes explains it. 

c) Periclinal chimeras may show normal Mendelian inheritance 
(Chittenden, 1927). 

d) Non-Mendelian mosaics due to anthocyanin pigments are 
known (Chittenden, 1927). A random assortment of cytoplasmic 
particulates is not used to explain these. 

e) There are many chlorophyll characters which are Mendelian 
in nature. This would seem to indicate that this character can 
form as a part of the overall pattern of development. 

The studies of Zirkle (1929), Randolph (1922) and Gustafsson 
(1942) on the distribution of proplastids in aberrant chlorophyll 
types have made a small but positive start in a cytological field of 
great importance to an understanding of mechanism of chloroplast 
inheritance. Observations from these papers, together with certain 
other works, that have an important bearing on the problem, may 
be summarized as follows: 

a) The proplastids in the apical meristems of shoots of varie- 
gated plants show no visible differences. 

b) In many variegated types there is no transition zone between 
green and etiolated areas. In other forms a transition zone of a 
few cells may be present. In either case all proplastids in a given 
cell appear to be developing in unison. In a given cell the pro- 
plastids or chloroplasts do not act independently of each other. 
The cell is still the unit of activity. The single exception seems 
to be Hosta japonica. Yasui (1929) observed cells with mixed 
plastids in the variegated form. Woods and du Buy (1951) have 
recently reported the independent development of at least two 
different plastid types in the same cell. 

c) The distribution of aberrant chloroplasts in Zea appears to 
be influenced by physiological or positional factors. Those chloro- 
plasts in cells adjacent to vascular tissue may change or develop 
at a rate different from those in cells further removed from the 
conducting elements. 

d) In barley Gustafsson (1942) recognizes at least three plastid 
types. Etiolation appears first as a definite change in chloroplast 
structure ; it is more than a simple inhibition of pigment develop- 
ment. All aberrant cells, even those without chlorophyll, con- 
tained plastids. 
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e) If a random assortment of chloroplasts occurred, cells with 
varying numbers of white and green chloroplasts should be com- 
mon. According to Darlington and Mather (1949), such a mix- 
ture of chloroplasts has never been observed. Zirkle (1929) and 
Randolph (1922) did not observe such mixtures of plastids. 
Massey (1928), however, describes cells in young leaves of Pelar- 
gonium elegans containing both normal green and abnormal color- 
less plastids “if they are suitably stained”. Yellowish green 
plastids are apparently also present in the white areas of Chloro- 
phytum (Collins, 1922). Other workers have also reported such 
plastid mixtures; Correns for Mirabilis, Gregory for Primula, 
Noack for Pelargonium zonale, Anderson for certain variegated 
fern prothallia (Chittenden, 1927). It appears, however, that 
cells with mixtures of plastids are the exception rather than the 
rule. 

f) In some variegated types of Zea Mays the first evidence of 
the etiolated area is a disturbance in the background cytoplasm 
of the cell. Chloroplast degeneration follows. 

g) In a stock of Zea Mays showing maternal inheritance of 
a white strip the proplastids in the apical cells appear perfectly 
normal. In young leaves, in which the stripping is just becoming 
visible, no change in plastid structure could be detected cyto- 
logically. The first cytological evidence for abnormality lies in 
a characteristic distribution of the chloroplasts in the cells com- 
posing the stripe, and this appears to take place first in cells con- 
tiguous to vascular bundles. From this stage on plastid develop- 
ment in the striped areas is retarded. 

h) In some cases cytological evidence suggests that cells con- 
taining aberrant plastids may somehow influence the activity of 
the chloroplasts in contiguous normal cells, or vice-versa (Rhoades, 
1943; Chittenden, 1927). 

i) Evenari (1936) recorded a lower osmotic concentration in 
cells with colorless plastids. Many workers (Palma, 1944) have 
recorded a considerable difference in mesophyll development of 
white and green areas. Such differences indicate that factors, in 
addition to the chloroplasts, may be involved in the development 
of variegated patterns. 

There can be no question of the independent genetic influence of 
the plastid as such. The exact mechanism of this plastid inherit- 
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ance is, however, still not clear. A direct lineal order of plastid 
to plastid from one generation to the next and random sorting out 
of plastids during embryogeny and leaf histogenesis, coupled with 
the idea of a single plastogene per plastid, is the present rather 
generally accepted concept of this inheritance mechanism. We 
have tried to point out, however, that chlorophyll inheritance is 
complex and that from the cytological viewpoint most critical 
stages need more detailed study. This concept can, at the present 
time, be no more than a working hypothesis which should simulate 
further investigations. 


ISOLATION OF PLASTIDS AND PLASTID MATERIALS 


Early attempts to study photosynthesis by means of cell-free 
chloroplast suspensions obtained by grinding or tearing cells in 
water (Engelmann, 1881; Haberlandt, 1887; Ewart, 1896; Kny, 
1897) led to the conclusion that chloroplasts were the seat of oxy- 
gen evolution in illuminated green cells. Most of these investiga- 
tors thought that isolated chloroplasts were capable of evolving 
oxygen when exposed to light. Kny’s investigations, however, 
led him to believe that evolution of oxygen by illuminated chloro- 
plasts would only occur when the plastids were associated with 
an adhering film of undifferentiated cytoplasm. We now know, 
since the work of Hill (1937), that isolated chloroplasts or chloro- 
plast fragments are capable of photo-oxidation of water when sus- 
pended in a medium containing a suitable oxidant, i.e., ferric 
oxalate, ferricyanide, or certain oxidation-reduction dyes, but are 
unable to bring about reduction of carbon dioxide. For a critical 
review of the use of chloroplasts and chloroplast fractions in a 
study of the Hill reaction, see Holt and French (1949). 

The need for a technique of separating plastids in uncontami- 
nated and uninjured state from the remainder of the cellular con- 
stituents has become increasingly apparent. Such a technique 
would provide an indispensable analytical tool for plant biochemists 
and physiologists interested in the identification of seats of certain 
cellular reactions and for the determination of the intracellular 
location of specific materials. In spite of the obvious need for 
such a method, it has been only within the last decade that detailed 
investigations have led to the development of methods whereby 
morphological units of cellular organization, such as chloroplasts, 
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can be isolated from plants apparently intact and in a fairly pure 
form. 


EXTRACTION AND FILTRATION METHODS. In biochemical in- 
vestigations dealing especially with intracellular protein distribu- 
tion in leaves, separation of plastid material from the remainder 
of the protoplast without attempting to isolate plastids intact was 
undertaken by Chibnall and his co-workers (Chibnall, 1924, 1939; 
see also Bonner, 1950). 

One method employed was to treat leaves with ether to render 
the cytoplasm permeable to water-soluble materials. Water-solu- 
ble cellular constituents (probably the majority of the vacuolar 
contents and water-soluble cytoplasmic substances) were pressed 
out. After the ether treatment and repeated pressings and rehy- 
drations in water, the leaves were ground in water and filtered 
through paper pulp which, according to the author, held back nu- 
clear and plastid material, allowing the undifferentiated cyto- 
plasmic substance to pass through. Analyses were made of this 
residue which was considered to be primarily plastid in origin, as 
the nuclei supposedly made up only a small fraction of it. A\l- 
though this material was apparently contaminated by undifferenti- 
ated cytoplasmic protein (Menke, 1938)), the method yielded a 
leaf protein distribution picture which is surprisingly similar to 
that obtained by more refined separatory procedures (Menke, 
1938b ; Granick, 1938); Galston, 1943). 

A procedure of isolating intact chloroplasts, but not necessarily 
in an uncontaminated state, is described by Boichenko (1944, 
1947) in her study of catalysts in isolated chloroplasts. In this 
case the fresh clover leaves were cut with scissors into a 0.5 M 
galactose solution in tap water. After filtering the extract through 
plankton silk to remove larger cellular fragments, the chloroplasts, 
which again must have been contaminated by nuclei and perhaps 
by coagulated non-plastid cytoplasmic fragments, were collected on 
filter paper in a Buchner funnel. 


FLOCCULATION AND DIFFERENTIAL CENTRIFUGATION. In any 
technique for the isolation of chloroplasts or chloroplast fragments, 
it is necessary to take into consideration the morphological charac- 
ter of the plastid. Intimately associated with and embedded within 
undifferentiated cytoplasm, plastids act as though they possess 
differentially permeable boundary surfaces. For a review of evi- 
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dence for this type of structure, see Weier (1938a). Because of 
the nature of this surface, if isolation is attempted by breaking the 
cell in a hypotonic solution, water will diffuse into the plastid, 
causing it to swell. If distilled water is used, granulation followed 
by plasmoptysis of the plastids of certain species often results, e.g., 
Trifolium, spinach, oats (Neish, 1939; Galston, 1943; Aronoff, 
1946), while the plastids of other species resist plasmoptysis, e.g., 
tobacco (Aronoff, 1946). 

Hypertonic isolating media would, on the other hand, be ex- 
pected to cause a corresponding shrinkage and general loss in 
hydration of the plastids. 

In order to obtain chloroplasts intact and in as normal state as 
possible, the effect of the concentration and composition of the 
isolation medium on the plastid must be carefully considered (Sis- 
akian, Kobikova and Vasilieva, 1947; Tewfik and Stumpf, 1949). 
Of particular importance and at the same time extremely difficult 
to evaluate are problems involving adsorption to or leaching of 
material from the plastids during their preparation. For instance, 
the effect of osmotic concentration on adsorption of invertase by 
plant tissue appears to be related to the physiological state of the 
tissue as well as the type of tissue involved (Sisakian, Kobikova 
and Vasilieva, 1947). Hence not only does the concentration and 
composition of the extraction medium affect the plastids being 
isolated but the kind and previous history of the plastids them- 
selves determine in part the effect which the isolation technique 
will have upon them. 

Two general methods are currently used in isolating plastids 
or plastid fragments from plant cells. Moderate grinding of plant 
tissue, usually in a slightly hypertonic sugar solution followed by 
low-speed centrifugations, is aimed at isolating intact chloroplasts. 
More drastic tissue disintegration followed by low- and then high- 
speed centrifugations is aimed at isolating grana or plastid frag- 
ments. Separation of this disintegrated plastid material was earlier 
brought about by addition of chemicals to cause a flocculation of 
the particles as discussed below. In general all steps in the separa- 
tory procedures should be carried out at low temperatures and 
checked against observations in the microscope. 


PLASTID ISOLATION BY LOW-SPEED CENTRIFUGATION. In 1938 
both Granick (1938a) and Menke (1938)) reported the success- 
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ful isolation of intact chloroplasts. Menke’s procedure involved 
mild grinding of spinach leaves, pressing out the juice and taking 
the residue up in 1/15 M primary calcium phosphate. The ex- 
tract was separated by centrifuging down cell wall fragments, 
nuclei and undestroyed plastids. This sediment was then taken up 
in phosphate solution and the larger particles thrown down again 
by slow centrifugation at about 250 g. Plastids were then removed 
from the supernatant solution by higher speed centrifugation at 
approximately 2220 g. 

The procedure developed by Granick and with various modifica- 
tions most widely used at the present time consists of grinding 
leaves in slightly hypertonic sucrose solution (0.5 M sucrose for 
tomato and tobacco leaves was used by Granick) which prevents 
plasmoptysis of the chloroplasts. Differential centrifugation be- 
tween 400 and 800 times gravity followed by washing in sugar 
solution and recentrifugation yields a large’ percentage of intact 
chloroplasts essentially free of microscopically visible cytoplasmic 
and nuclear contaminants. The order of sedimentation on centri- 
fugation is cell wall debris and unbroken cells first, followed in 
order by large crystals and starch grains, coagulated undifferenti- 
ated cytoplasm, small crystals and starch grains, chloroplasts and 
finally tiny granules. The nuclei appeared to have been disinte- 
grated in the grinding process in Granick’s experiments. In our 
laboratory nuclear fragments as indicated by positive Feulgen 
staining were identified in all fractions of similarly prepared 
material. 

du Buy and Woods (1943) studied the ease with which intact 
chloroplasts of tobacco can be isolated in different sucrose solu- 
tions by a modification of Granick’s method. A concentration of 
11% (0.32 M) yielded the best results for this particular material, 
according to the evidence of microscopical observations (the exact 
concentration would vary with the material), while salt mixtures 
tended to cause destruction of the plastids. These authors state 
that plastid preparations obtained with 11% sucrose solutions 
and 0.5% thiourea (to retard oxidation) could be kept at 4° C 
for months without disintegration. After the initial grinding 
process, cellular debris and coagulated cytoplasm were removed by 
filtering the homogenate through cheese cloth and glass wool prior 
to centrifugation. 
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The purity of preparations obtained by differential centrifuga- 
tion should be followed microscopically in every step of the process, 
and only that portion of the centrifugate used each time which 
shows the most normal plastids. Hanson (1941) used a special 
small bore tube fused to the base of a centrifuge tube to facilitate 
separation of different layers of the centrifugate. 

Even these apparently pure plastid preparations should not be 
assumed to be entirely representative either chemically or morpho- 
logically of the plastids in their normal state. The unavoidable 
difficulties inherent in a technique which breaks cells and mixes 
the normally separate components must be considered in evaluat- 
ing data obtained with this material. Waygood and Clendenning 
(1951), for example, report the presence of a natural flocculating 
agent (probably tannin) in Sambucus leaves which causes floccula- 
tion of non-plastid cytoplasmic protein and its association with 
chloroplasts during their attempted isolation by centrifugation. 
Such results have apparently frequently led to errors in inter- 
preting data on intracellular enzyme distribution. Structural as 
well as biochemical changes occur. It has, for instance, been ob- 
served frequently that plastid granulation may not be apparent 
until cell injury. Whether this is merely an optical effect (Gran- 
ick, 1949) or a more fundamental change involving a phase sep- - 
aration is not yet clear. Changes may occur in the nature of the 
surface of the plastid leading to alterations in permeability, accom- 
panied by adsorption by or leaching of materials from plastids. 


CHLOROPLASTIC MATERIAL AND GRANA. Following Noack’s ob- 
servations (Noack, 1927) that spinach leaf plastid material could 
be separated from aqueous extracts of leaves by centrifugation, 
Menke (1938a) attempted to separate the various cell fractions in 
spinach leaves after grinding them in water. Nuclear and cell ma- 
terial remaining in the water extract after filtration through cloth 
was first centrifuged down. The sedimentation of chloroplastic 
substance from cytoplasmic’ substance was then accomplished in 
four ways: (a) by precipitation with ammonium sulfate, (b) by 
acid precipitation with dilute hydrochloric acid, (c) by acidifica- 
tion with carbon dioxide, and (d) through low-speed centrifuga- 
tion (3700 r.p.m.). Cytoplasmic substance in the supernatant fluid 
was then separated from water-soluble material through precipita- 
tion in strong acid or salt solution or by heat coagulation. 
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The chloroplastic substance was thought to represent the chloro- 
plast fraction in which the morphological structure of the plastids 
had been destroyed. Chibnall (1939) believed that certain lipoidal 
droplets of non-plastid cytoplasmic origin were brought down with 
this chloroplastic substance. Subsequent to his early studies with 
chloroplastic substance, Menke (1938b) was able to suspend 
ground spinach leaves in calcium phosphate solution and isolate 
the intact chloroplasts by differential centrifugation as described 
above. By comparing the partial analysis of this material, assumed 
to be pure plastids on a basis of observation with the microscope, 
with that of the chloroplastic substance obtained by the original 
precipitation methods, Menke found that there was about 15% 
contamination of the chloroplastic substance by cytoplasmic sub- 
stance. In contrast to Chibnall’s hypothesis, this contamination 
apeared to be primarily protein, as the ratio of protein to lipoidal 
material in the isolated plastids was lower than in the chloroplastic 
substance. Further evidence for this type of contamination is 
given by Liebich (1941) in his investigation of the intracellular 
distribution of iron. 

Liebich (1941) compared the iron content of chloroplasts iso- 
lated in 1/15 M KH2PO, by low speed centrifugations and wash- 
ings with the iron content of chloroplastic substance obtained by 
the several methods used by Menke. ‘The isolated chloroplasts 
from spinach leaves contained 82% of the iron in the leaves and 
showed an iron content of 0.0525%, while chloroplastic substance 
obtained by centrifugation or ammonium sulfate precipitation 
showed only 0.0352 and 0.0392% iron, respectively. These low 
values resulted from contamination of the plastid substance with 
undifferentiated cytoplasm which contained little iron. 

Precipitation of chloroplastic substance through use of dilute 
acidification with hydrochloric acid or with carbon dioxide yielded 
material having only 0.0206 and 0.0239% iron. This indicates that 
these methods resulted in an actual loss of iron from the plastid 
substance. 

Because of the apparent concentration of pigment in localized 
areas, grana, within some plastids (Weier, 1938), it is believed by 
many investigators (Neish, 1939; Mommaertes, 1938; Bot, 1942; 
Warburg and Lutgens, 1946; Wildman and Bonner, 1947) that 
plasmoptysis of chloroplasts in distilled water liberates free grana. 
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Attempts to separate these plastid fragments from partially puri- 
fied leaf homogenate, filtered through cloth and centrifuged at 
about 2000 r.p.m. to remove large particles, were first confined to 
flocculating procedures followed by low-speed centrifugation 
(Neish, 1939; Mommaertes, 1938) which yielded material similar 
to Menke’s chloroplastic substance. Neish tested the ability of 
various cations to cause a flocculation of the plastid fragments. 
With 0.1 N CaCls a green flocculation was obtained which was re- 
ported to be fairly free of starch grains, nuclear material and cell 
wall fragments. Mommaertes also used calcium ion as an agent 
to induce flocculation. 

Bot (1942) claimed to have obtained grana by centrifugation in 
a form more pure than the material isolated by Neish, but the 
published results are not sufficiently detailed to allow adequate 
evaluation. 

Alterations in the grana were observed during the preparatory 
procedure. Grana hydrate and vacuolate in distilled water ( Neish, 
1939; Mommaertes, 1938) and in addition the possibility of ad- 
sorption of extraneous material on the grana surface were recog- 
nized by Mommaertes as a complicating factor. 

The purity of the “ grana” preparations obtained by floccula- 
tion techniques was questioned not only by Menke and Liebich as 
described above, but also by others. Upon comparing the enzyme 
activity of chloroplast material obtained by the CaCl, precipitation 
method of Neish with that of material isolated by high-speed 
centrifugation (Vecher, 1947), Sisakian and Kobiakova (1948) 
found considerable variation between the two methods and aban- 
doned Neish’s flocculation procedure. Comar (1942) states that 
CaCle precipitation and freezing should be avoided, as non-plastid 
cytoplasm is also precipitated. 

Continuing his questioning of the validity of grana preparations, 
Menke (1940a) argued that if grana carried chlorophyll pigment 
either preferentially or completely, then an analysis of “ pure” 
grana preparations should show a higher chlorophyll content than 
the preparations of intact chloroplasts. On the contrary, however, 
he found that the chloroplast substance (according to Menke the 
same fraction as Mommaertes’ grana) had a lower chlorophyll 
content than the intact chloroplasts, the lower value resulting sup- 
posedly from non-plastid cytoplasmic contamination. If this is 
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true, the cytoplasmic contamination must have more than exceeded 
the loss of such non-chlorophyll-containing stroma which occurred 
during the disruption of plastids and sedimentation of the grana 
and plastid fragments. In 1940 Mommaertes conceded that 
Menke’s idea of cytoplasmic contamination in the plastid material 
was sound. 

Chibnall (1939) observed that water homogenates of leaves 
could be freed of chloroplastic material by centrifugation for three 
hours at 18,000 r.p.m. in a high speed centrifuge. Flocculation 
techniques for the isolation of chloroplast fragments and grana 
have now largely been abandoned in favor of high-speed centrifu- 
gation. The technique involves the initial separation by low-speed 
centrifugation at 1,000 to 1,500 g. of large particles from the 
homogenate, followed by high-speed centrifugation at speeds rang- 
ing up to 25,000 g. Approximately 20 minutes of centrifugation 
will yield a green pellet containing all microscopically visible par- 
ticles present in the homogenate (Arnon, 1949; Warburg and 
Lutgens, 1946; Vecher, 1947; Wildman and Bonner, 1947). 

While this material contains most of the leaf’s chlorophyll, its 
morphological identity with the plastid grana is often assumed 
without adequate basis. It is also undesirable to use in a general 
and loose way a word such as “grana’”’ which has a specific 
morphological meaning. Even though the author indicates his use 
of the term (Aronoff, 1946), such usage unavoidably leads to mis- 
conceptions. Even after repeated washings and recentrifugations 
the probability exists that frequently these preparations include not 
only chloroplast fragments but also granular material from dis- 
integrated nuclei as well as from non-plastid cytoplasm. Although 
the bulk of most leaves is composed of chlorenchyma and the major 
veins are usually removed prior to the preparation of leaf homog- 
enates, the fact that the homogenate represents material from 
many kinds of cells should not be overlooked. Mitochondria exist 
at least in epidermal and certain vascular cells of the leaf and may 
occur under certain circumstances in chlorenchyma cells as well. 
These cytoplasmic units would be thrown down with the chloro- 
plast fragments and grana obtained by high speed centrifugation 
techniques and could not be removed by washing and recentri- 
fugations. Furthermore, the fate of the non-pigmented stroma 
fraction in these preparations is obscure, although supposedly it 
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remains in the supernatant after centrifugation. du Buy, Woods 
and Lackey (1950) report the isolation of mitochondria and plas- 
tids from Nicotiana and Lonicera leaves. They believe that mild 
disintegration of leaves in sucrose (0.15-0.5 M) in a Waring Blen- 
dor and filtration through glass wool followed by centrifugation at 
120 g. yielded a pellet composed almost entirely of plastids. The 
supernatant when centrifuged to 19,000 g. yielded a brownish-gray 
pellet containing microscopically colorless granules 0.3-1 p» in 
diameter as well as some plastid fragments. The authors con- 
sidered that these pellets were composed chiefly of mitochondria. 
Unfortunately no information is reported showing the proportion 
of plastids recovered and the proportion broken which would be a 
contaminant of the pellet obtained at high speeds. A chlorophyll 
analysis of aliquots of the homogenate, the pellets obtained at 120 
g., and the pellets obtained at 19,000 g., would have helped to 
clarify this point (Granick, 1938a). Nevertheless this work indi- 
cates that pellets obtained from leaf homogenates centrifuged at 
high speeds may contain non-plastid cytoplasmic contaminants. 

It would appear that more thorough investigations should be 
made of the fate of the various morphological units in leaf cells 
during different isolation procedures. One method of approach 
which has not yet been adequately explored would involve the iso- 
lation of intact chloroplasts by low-speed centrifugations and sub- 
sequently disintegrating them and isolating the chloroplast frag- 
ments and grana which would result. A comparison of this 
material, which should be relatively free of extraplastid contami- 
nants of particulate nature such as mitochondria, with pellets ob- 
tained by the usual high-speed centrifugation technique should 
help to establish the degree of purity of the latter. Such a pro- 
cedure was attempted by Wildman and Bonner (1947), but they 
were unsuccessful in obtaining intact spinach leaf chloroplasts in 
adequate quantity because of the ease with which the chloroplasts 
underwent plasmoptysis. 


ENZYME ACTIVITY IN PLASTIDS 


Although isolated chloroplasts and chloroplast fragments have 
probably been used most extensively in investigations of the Hill 
reaction and in analysis of plastid composition, interest within the 
past few years is turning toward a study of their enzyme content. 
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A clarification of the problems related to reactions peculiar to 
specific structural units within the cell rests in part upon the identi- 
fication and study of the distribution of enzymes in the cell. A 
survey of work on intracellular enzyme distribution makes appar- 
ent the prevalence of contradictory results reported in the litera- 
ture. In many cases these differences can be accounted for on a 
basis of differences in preparatory technique of the plastid ma- 
terial, while in other instances intracellular enzyme distribution 
appears to vary among plants of different species. 


THE STATE OF ENZYMES IN PLASTIDS. The wide variability re- 
ported for the presence and activity of the same enzyme found in 
plastids by different authors depends not only on the source of the 
plastids and method of preparation but also on the age and physio- 
logical state of the organs from which the plastids are isolated. 
For example, Laites (1950) found that chloroplasts isolated by 
Granick’s 1938 method from spinach grown in a greenhouse for 
four weeks and then transferred to an 18° C greenhouse for two 
weeks failed to give evidence of a cyanide-insensitive oxidase sys- 
tem. Similar plants held for two weeks at 26° C showed a high 
activity of this enzyme system. 

Considerable work has been recently done by Sisakian and his 
associates on conditions which cause variations in activity of the 
hydrolytic enzymes (Sisakian and Kobiakova, 1948) invertase, 
amylase and protease in the plastid material of carrot root, potato 
tubers and leaves of white clover and sugar beet. In this case 
isolation of plastid material was accomplished, after grinding, by 
centrifugation at 30,000 to 31,000 r.p.m. in a Sharpless centrifuge. 
The relationship between amylase and invertase changed with 
peculiarities of the carbon metabolism. In the chromoplastic ma- 
terial of carrot roots, invertase was high during the so-called root- 
forming phase and fell off markedly on storage of roots. Ainylase 
action was absent in the chromoplastic material of young roots but 
appeared after storage. Similar regular variations in enzyme ac- 
tion of leucoplastic and chloroplastic substance were also observed 
to occur with the changing physiological state of potato tubers, 
clover and beet leaves. 

It is postulated by Sisakian and Kobiakova (1948; see also 
Oparin, 1937; Kursanov, Isaeva and Popatenko, 1946; Kursanov, 
1946; Sisakian, Zolkover and Biriuzova, 1948) that the main por- 
tion of enzymes in plastids from plant material in a dormant con- 
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dition exists in a strongly adsorbed state, hydrolytically inactive, 
bound to the surface of the submicroscopic lipoprotein structure of 
plastids. Evidence advanced in support of this hypothesis is based 
on the marked increase in enzyme activity per unit dry weight of 
material during autolysis with toluene. Transition from a state 
of rest to an active state in potato tuber tissue is associated with 
change in the enzymatic balance of the plastids. 

In evaluating this type of investigation and some of those which 
will be described below, one must not lose sight of the fact that 
the conclusions of the authors concerning plastids are based on 
observations not of pure plastids in a natural state but of plastid 
material. This preparation, even though obtained by careful tech- 
niques, may deviate markedly from the natural state as a result 
of contaminations, adsorption or loss of material, as discussed in 
an earlier section. In the case of the active vegetative tissue the 
main portion of the enzymes in plastids are, according to these 
authors, in a free state or in a loosely adsorbed state. Hence 
plastids may not only act as reservoirs of protein, fats, minerals, 
pigments and vitamins but also may serve as depots of biocatalysts 
which may be drawn upon during processes of cell metabolism 
especially associated with developmental change. 

The ability of plastids to adsorb invertase which had been added 
to the surrounding solution is in reverse relation to the initial 
enzyme activity in the plastids (Sisakian and Kobiakova, 1948). 

A further study on the strength of the adsorption of enzymes 
to plastid material showed that invertase and peroxidase were 
most strongly adsorbed, while polyphenol oxidase and especially 
phosphorylase were more weakly adsorbed. Chloroplasts from 
tomato and sugar beet leaves and leucoplasts from sugar beet roots 
and potato tubers were used. Increase in the osmotic concentra- 
tion in the surrounding solution, prolonged centrifugation at low 
speeds of plastid material in buffered solutions, and autolysis pro- 
moted the transference of enzymes adsorbed on plastids into solu- 
tion (Sisakian and Kobiakova, 1949). 

Of considerable interest is the report that leaves of Potomogeton 
adsorb invertase actively on illumination and desorb the enzyme in 
darkness (Kursanov, Isaeva and Popatenko, 1946). This parallels 
a synthesis of sucrose in illuminated leaves and its splitting in 
darkened ones. If this be true and if the adsorption occurs on the 
plastid lipoprotein structure (Sisakian, Zolkover and Biriuzova, 
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1948), then investigations into the intracellular distribution of 
enzymes are especially subject to hidden difficulties associated with 
the immediate previous history of the tissue prior to the analyses. 

A description of the structural changes which leucoplasts un- 
dergo during autolysis and the rapid increase in hydrolytic en- 
zymatic activity on destruction of the plastids is presented by 
Sisakian et al. (1948). According to these authors, remova! of 
lipoids by alcohol treatment results in a residual stroma probably 
of protein nature, and the seat of adsorption of the enzymes is in 
the lipoid fraction of the plastid. The observational basis of this 
work rests upon electron microscope determinations. The illus- 
trations available in the published article are, however, not very 
convincing. 


SPECIFIC ENZYMES 


Of particular importance for an elucidation of the photosyn- 
thetic problem as well as of problems of respiration is a knowledge 
of the intracellular distribution of enzymes which play a role in 
oxidations and reductions. For discussions of photochemical 
reductions by chloroplasts and chloroplast fragments, see Aronoff 
(1950) and Holt and French (1949). 


POLYPHENOL OXIDASE. Polyphenol oxidase (tyrosinase, catechol 
oxidase, phenolase, potato oxidase) does not occur universally in 
plants, but a possible role as a terminal oxidase has been ascribed 
to it in some instances (Bonner, 1950). The polyphenol oxidase 
activity in leaf cells of spinach beet (chard) Beta vulgaris is located 
in the chloroplast fragments (Arnon, 1948, 1949). [The frag- 
ments of chloroplasts constituted the precipitate formed from 
ground leaves devoid of intact plastids when centrifuged at 25,000 
g.]. The influence of preparatory technique is critically evaluated 
by Arnon. Added potato tyrosinase was not adsorbed by the 
ground leaf material, neither was it thrown down during the high- 
speed centrifugation. Nevertheless this does not account for the 
possible contamination of the plastid fragments by sedimentation 
of non-plastid cytoplasmic particles (mitochondria) at 25,000 g. 
See page 26 for a discussion of possible sources of mitochondria 
in mature leaves. Further disintegration of the isolated plastid 
fragments in a Mickle tissue-disintegrating machine failed to dis- 
lodge the naturally occurring polyphenol oxidase. 
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Li and Bonner (1947) found that the chloroplasts of tea leaves 
contained an active insoluble oxidase which resembles polyphenol 
oxidase. It can carry on the direct oxidation of catechol and 
certain orthodiphenols but differs in its inability to oxidize the 
monophenol tyrosine. The plastid material used in this investiga- 
tion was intact washed plastids obtained at 2,000 r.p.m. by Gra- 
nick’s 1938 method. Roberts (1942) proposed that cytochrome 
oxidase is the oxidase in tea which is largely associated with in- 
soluble particles. Sreerangacher (1949) objected to this view 
and maintained that the oxidase in tea is a copper-containing poly- 
phenol oxidase and does not contain iron. 

Further disintegration of the plastids of tea leaves revealed that 
the oxidase was not separable by centrifugation from the chloro- 
phyll-containing fragments, a fact interpreted by Li and Bonner as 
indicating that the enzyme is contained in the grana. Acetone ex- 
traction of the chlorophyll did not affect the enzyme activity, hence 
no close association of chlorophyll with the enzyme exists. Com- 
pare with Sisakian, Zolkover and Biriuzova’s idea that enzymes 
occur adsorbed to the lipoid fraction of plastids and their desorp- 
tion occurs on changing the lipoprotein structure of th2 plastids. 

In contrast to the observations on spinach, beet and tea leaves, 
Wildman and Bonner (1947) found that polyphenol oxidase was 
not associated with the plastid material obtained by them from 
spinach leaves. Instead it was found in a fraction of the super- 
natant liquid obtained after leaves disintegrated in a colloidal mill 
had been centrifuged at 20,000 r._p.m. While this method of sep- 
aration of leaf constituents precludes the possibility of positively 
determining the location of the enzyme within the cell, still the 
evidence indicates that in the spinach leaves studied the polyphenol 
oxidase was not closely associated with the chlorophyll-containing 
fragments after this drastic treatment. The non-chlorophyll-con- 
taining portion of the disintegrating plastids, however, was not 
separated from the cytoplasmic fraction in which the enzyme was 
found and consequently might have contained the enzyme. 

Material (called plastids by the authors) isolated from sugar 
beet roots by high speed centrifugation contained the highest ac- 
tivity of polyphenol oxidase, while the juice remaining contained 
only a small amount (Sisakian and Kobiakova, 1949). 

In addition to polyphenol oxidase spinach leaves contain an 
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oxidative system which has a more acid optimum pH than poly- 
phenol oxidase. This oxidase is in addition cyanide insensitive in 
contrast to the cyanide sensitivity of polyphenol oxidase. The 
heat-labile portion of this system is located in the plastids (Laties, 
1950). [Isolation and washing of whole plastids was accomplished 
by low speed centrifugation in 0.5M _ sucrose.] It is closely 
associated with the chlorophyll-containing part of the plastid and 
is almost quantitatively precipitated with it from disintegrated plas- 
tids by high speed centrifugation (20,000 g.). In order for oxygen 
absorption to occur as a result of the action of this oxidative sys- 
tem, Laties found that it was necessary to add plastid-free super- 
natant liquid to the isolated plastids. This supernatant contained 
an unidentified heat stable component necessary for the action of 
the enzyme system. 


DEHYDROGENASES. Dehydrogenases capable of transferring hy- 
drogen from a number of substrates (glutamic acid, histidine, gly- 
coll, malic acid, aspartic acid, gluconic acid, succinic acid, glu- 
cose and citric acid) to methylene blue were identified in the 
isolated chloroplasts (plastid substance?) of bean leaves (Sisakian 


and Chamova, 1949). The exact method (particularly the speed 
of centrifugation) of isolating the plastids (plastid material) is 
not reported and hence makes evaluation of the results difficult. 
Of these dehydrogenases only those acting on glutamic acid, glycoll 
and histidine were detected in sugar beet leaf centrifugate. Malic 
acid, glutamic acid, histidine and glucose dehydrogenases were 
found in clover leaf centrifugate. Boichenko (1947) reports only 
5% of the glucose dehydrogenases to be located on chloroplasts 
isolated from clover leaves. Leucoplasts (plastid substance) of 
cabbage gave positive evidence only of glutamic acid dehydro- 
genase, and potato leucoplasts (plastid substance) contained both 
glutamic acid dehydrogenase and glycoll dehydrogenase. No de- 
hydrogenase activity was detected in chromoplast substance (plas- 
tid substance) isolated from carrots and sugar beets. 

These workers state (complete experimental data are not in- 
cluded in this paper) that in chlorophyll-containing tissue the 
cellular contents devoid of plastids contain the bulk of the glu- 
tamic acid, histidine, glycoll and succinic acid dehydrogenases, 
while the main portion of glucose, malic, citric and gluconic acid 
dehydrogenases are found in the plastids. In the case of non- 
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chlorophyllous tissue, however, the leucoplasts appear to be the 
chief location of all dehydrogenases detected. 

Repeated careful grinding and centrifugation at 1,000 r.p.m. 
in a buffered medium was sufficient to liberate the dehydrogenases 
from the plastids. This speed of centrifugation would not be 
sufficient to throw down small plastid fragments resulting from 
such grinding. , The adsorption bonds between the dehydrogenases 
and the lipoprotein complex of the plastids vary, according to 
these authors, with the different dehydrogenases. 

The localization of succinic dehydrogenase of two-day-old seed- 
lings of Phaseolus mungo was found to be exclusively in a fraction 
which centrifuged out of tissue homogenates at 10,000 r.p.m. at 
a pH of 4.7 (HA, added to homogenate) (Damodaran and Ven- 
katesan, 1941). The origin of this flocculate, whether from undif- 
ferentiated cytoplasm or from mitochondria, is uncertain in view 
of the method of preparation by acid precipitation. 


CYTOCHROME OXIDASE. In similarity to the condition in ani- 
mals, cytochrome oxidase appears to be located only within par- 
ticulate materials in the plant cell and in plastid-containing tissue, 
mainly in the plastids. In 1939 Hill and Bhagvat found that the 


cotyledons of germinating bean seeds contained material which 
gave a positive cytochrome spectrum. This material could be pre- 
cipitated by high speed centrifugation of the cell-free cotyledon 
homogenate. 

Plastid substance (chromoplasts, leucoplasts, chloroplasts) from 
a series of plants was isolated by Sisakian and Fillipovich (1949), 
using the methods of Vecher and Neish. Tomato leaves, geranium 
leaves, potato tubers, cabbage leaves, red beet and carrot roots 
were used. In all cases the cytochrome oxidase activity was 
lowered markedly or entirely removed when the particulate ma- 
terials were removed from the composite cell juice. The activity 
appeared to be contained in the plastids. 

Autolysis of plastids and increased osmotic pressure of the ex- 
traction solution, which in some cases liberated adsorbed enzymes 
(hydrolytic enzymes, see page 52), caused complete loss of cyto- 
chrome activity. This indicates an activity only in an adsorbed 
condition, possibly indicating the close association of cytochrome 
oxidase with the other units of an electron transport system. 

du Buy, Woods and Lackey (1950) report that both mito- 
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chondria and plastids carry all or the bulk of cytochrome oxidase 
in the leaves of Nicotiana and Lonicera. The degree of contami- 
nation of their mitochondrial fraction (pellet obtained between 
120 g. and 19,000 g.) by plastid fragments and grana was not re- 
ported, and, while tissue disintegration was carried out in a sugar 
solution in a Waring Blendor, undoubtedly many plastids were 
broken. 


PEROXIDASE. Water-soluble material remaining after acid pre- 
cipitation (0.5 N acetic acid) of protein material from spinach leaf 
cells contained the major portion of the peroxidase activity (Kross- 
ing, 1940). On the other hand, Wildman and Bonner (1947) 
found their cytoplasmic protein fraction II of spinach leaves to 
contain active peroxidase, while the plastid material isolated by 
high speed centrifugation contained practically all of the peroxidase 
present in roots of sugar beets, according to Sisakian and Kobia- 


kova (1949). 


PHOSPHORYLASE. Of particular interest in relation to cellular 
respiration is the distribution of enzymes concerned with the phos- 


phorolytic breakdown of hexoses and synthesis of carbohydrates. 
The histo-chemical investigations of Yin et al. (Yin and Sun, 
1947, 1949; Yin, 1948; Yin and Tung, 1948) indicate that phos- 
phorylase is localized exclusively in the plastids except in blue- 
green algae which lack definite plastids and in red algae in which 
natural starch synthesis is known to be extra plastid in nature 
(Yin, 1948). 

The technique employed by these investigators involved the 
incubation of sectioned material in acetate buffered (pH 6.0) glu- 
cose-l-phosphate (1%) solution to which NaF (M/200) had 
been added to inhibit phosphatase action. After incubation (30 to 
60 minutes) the sections were treated with iodine, and the loca- 
tion of stained starch resulting from dephosphorylation of glucose- 
1-phosphate was observed microscopically. 

Although the phosphorylase activity reported appeared to be 
confined to sites of normal starch synthesis, certain differences be- 
tween normal starch formation and that resulting from the action 
of phosphorylase on glucose-l-phosphate were observed. Un- 
fortunately this technique does not invariably yield consistent re- 
sults, for destarched leaves of Oenothera, sunflower, bean and 
potato showed the development of starch-like granules outside of 
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plastids when sections were incubated in buffered glucose-1-phos- 
phate while no starch formation occurred within the apparently 
uninjured plastids (Stocking, 1951, in press). Such histo-chemi- 
cal methods are confronted with problems of permeability. It is 
necessary to get the substrate to the site of action unaltered and in 
a biologically active form (Benson and Calvin, 1950). 

Further evidence for the localization of phosphorylase in plas- 
tids is given by Sisakian and Kobiakova (1948, 1949). Phos- 
phorylase activity in leaves of nettle and in potato tuber tissue 
appeared to be highest in the isolated plastid fraction, although 
about one-fifth of the activity remained in the juice. [Plastids 
were isolated from washed, ground plant material suspended in 
water or 0.5 M sucrose and pressed through linen. Plastid ma- 
terial was centrifuged down at 30,000 to 31,000 r.p.m.]. Phos- 
phorylase activity was determined by incubation of plant material 
in buffered glucose-l-phosphate (with added sodium fluoride to 
inhibit phosphatase activity) and determining the amounts of in- 
organic phosphorous liberated. Recently Dyar (1950) has studied 
the location of phosphorylase in pea root tips by the histochemical 
method of Yin and Sun. Starch synthesized from glucose-1- 
phosphate occurred in localized areas in the cytoplasm, and, in 
contrast to the observation of Yin and Sun on soy bean root tips, 
starch was also synthesized in the nuclei of some of the meris- 
tematic cells in pea root tips. Penetration of glucose-1-phosphate 
through cell membranes was a pronounced limiting factor in starch 
synthesis in uninjured root tips. 

It has been possible in our laboratory to separate 82.7% of the 
chlorophyll (chloroplasts and chloroplast fragments) from potato 
leaf homogenates by low speed centrifugation, and when this was 
done as much as 82% of the phosphorylase activity still remained 
in the supernatant liquid. This indicates/that if phosphorylase is 
located in the plastids, as suggested by Yin et al., it is an extremely 
labile form and is removed from the plastids with surprising ease. 


ALDOLASE. In contrast to the bulk of the evidence on phos- 
phorylase, aldolase appears to be absent from intact chloroplasts 
of tomato and sugar beet, being present only in the non-plastid 
supernatant liquid obtained by low-speed (3,000 r.p.m.) centrifu- 
gation of homogenized leaves. Disintegration of the leaf tissue and 
sedimentation of the fraction between 500 r.p.m. and 18,000 r.p.m. 
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failed to bring the enzyme out of solution. The authors conclude 
that the enzyme is located in the non-plastid cytoplasmic fraction 
only (vacuolar contents were not considered logically to contain 
the enzyme), and exosmosis of large enzyme molecules through 
the plastid membrane during isolation was considered improbable 


(Tewfik and Stumpf, 1949). 


AMYLASE. Amylatic activity has been reported by Krossing 
(1940) to occur only in the chloroplastic substance of spinach 
leaves (see below for a criticism of the method). These re- 
sults are in contrast to those of Nezgovorov (1940, 1941) who 
also criticizes Krossing’s method of separation of cellular con- 
stituents. Plastids isolated by Nezgovorov from some 17 species 
of plants, using Neish’s method (in some instances compared with 
plastids isolated by Granick’s method), showed only 1-15% of 
the leaf’s free amylase. The remaining 85-99% was found in the 
cytoplasm and cell sap. Autolysis experiments indicated that no 
appreciable amount of this enzyme existed in a combined state in 
the plastids. On a basis of these results and in reference to the 
work of Sukhorukov and Nezgovorov (1940) and Hanes (1940) 


on the starch-synthesizing enzyme (phosphorylase) in potato 
tubers, Nezgovorov postulated that amylase plays no part in starch 
synthesis during photosynthesis, a conclusion borne out by more 
recent experiments on phosphorylase. 


CATALASE. Investigation of the catalase activity of leaves led 
Krossing (1940) to conclude that the plastids as well as the cyto- 
plasm of spinach contain high concentrations of catalase. Un- 
fortunately his method of obtaining the “ cytoplasmic fraction ” by 
acid precipitation of the protein at pH 3.5 is open to criticism. 
This pH is also dangerously near the pH at which catalase is de- 
stroyed (pH 3, Sumner and Somers, 1947). Chloroplastic sub- 
stance isolation was accomplished by COz precipitation at pH 5.8 
with all of the inherent difficulties in this method. 

Boichenko (1947) found 85% of the catalase activity of clover 
leaves to be located in the chloroplasts obtained by chopping the 
leaves into a sugar solution and filtering through linen paper, 
while Neish (1939) reports that catalase is concentrated in the 
chloroplasts of clover, Arctium and Onoclea. The plastids account 
for all of the catalase activity. Granick (1949) reports that 
spinach leaf chloroplasts which had the pigments removed showed 
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a pyridine hemochromogen spectrum, indicating the presence of 
heme enzymes including catalase. 

A relationship between the chlorophyll content of leaves and 
their catalase content has been reported in some cases (Nakamura, 
1941; Kashimoto, 1943). The greening of etiolated seedlings of 
barley, wheat and corn was accompanied by a 140 to 203% in- 
crease in catalase activity, according to Drabkin (1948). Eyster 
(1950), however, reports a 20 to 30% reduction in catalase ac- 
tivity when etiolated seedlings of corn were exposed to greenhouse 
light for from five to seven hours. A slight increase in catalase 
activity was observed if the etiolated seedlings were illuminated 
in light of low intensity. Although dark grown albino plants show 
high catalase activity, the degree of greenness of different strains 
of hybrid corn grown in the light appears to parallel the catalase 
activity of these strains. 

In contrast to these reports, which indicate a relationship be- 
tween the chloroplast and catalase activity, Wildman and Bonner 
(1937) found catalase only in their cytoplasmic fraction II of 
spinach leaves and not in the chlorophyll-containing fragments. 
This could be accounted for if catalase exists in the plastid in an 


easily diffusible state, perhaps in the stroma fraction. 


CARBONIC ANHYDRASE. Early work by Neish (1939) indicated 
that carbonic anhydrase was located in the chloroplast as well as 
in the non-chloroplast material in leaf cells. This enzyme which 
catalyzes the breakdown of carbonic acid to water and carbon di- 
oxide is apparently difficult to detect without previous concen- 
tration in the leaves of homogenates of many plants. Burr (1936) 
and Mommaertes (1940) failed to find evidence for its presence 
in plant tissues studied by them. Day and Franklin (1946) tested 
16 species of plants and were able to identify the enzyme only in 
Sambucus leaves. Separation by filtration or centrifugation of 
the green (chloroplast) particles from crude leaf suspensions of 
Sambucus yielded a pellet containing the entire carbonic anhydrase 
activity. The supernatant liquid showed no reaction. The locali- 
zation of this enzyme in the chloroplast material of aquatic plants 
was reported by Steemann-Nielsen and Kristiansen (1949). 

In contrast to these reports, Bradfield (1947) was able to find 
the enzyme only in the leaf cytoplasm of several species and not 
in the roots. Leaf extracts centrifuged at 15,000 g. yielded a 
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pellet which was inactive for carbonic anhydrase while the super- 
natant was active. 

The discrepancies reported in the location of the enzyme in dif- 
ferent plants was apparently resolved by Waygood and Clenden- 
ning (1951) who found that a natural flocculating agent (possibly 
tannin) in the cells of Sambucus caused the non-plastid cytoplasmic 
proteins to be deposited with the chloroplasts when centrifuged, 
and hence carbonic anhydrase was detected in this pellet instead 
of the liquid. Treatment of leaves with dilute alkali prevented 
this flocculation of cytoplasmic proteins. When Sambucus leaves 
were so treated, the carbonic anhydrase remained in the non- 
plastid supernatant. These authors conclude that the carbonic 
anhydrase is localized in the non-plastid cytoplasm of leaves of 
land plants and that this may be equally true of aquatics. 


OTHER ENZYMES. The major portion of sugar beet root inver- 
tase is located in the feucoplast substance (thrown down at high 
speeds), according to Sisakian and Kobiakova (1949). Krossing 
(1940) reports that the chloroplastic material which he obtained 
from spinach leaves contained only about one-half the invertase 
activity that the cytoplasmic substance did. 

Although certain roots and the white parts of the variegated 
leaves contain chlorophyllase (Rabinowitch, 1945), Krossing 
(1940) found chlorophyllase associated only with the chloroplastic 
substance of spinach leaves. 

The relative distribution of the micronutrient metals iron, cop- 
per, manganese, zinc and molybdenum in the leaf and chloroplasts 
of sugar beets and chard has been recently investigated by What- 
ley, Ordin and Arnon (1951). Plastid fragments were isolated 
from triturated leaves by high speed centrifugation. Such a study 
is especially of interest in view of the possible catalytic role of these 
metals in cellular reactions. Both iron and copper were found to 


be concentrated in the chloroplast fragments (see also Liebich, 
1941). 
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